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ABSTRACT
Ecologists have long known that complex habitats often provide prey with refugia from 
predation. This is true for a wide variety of habitat types and for a wide variety of prey 
species, in terrestrial, freshwater and marine systems. Despite the recognized importance of 
structural habitat complexity, ecologists have defined and measured complexity in many 
different ways. I propose four new indices of structural habitat complexity that are 
dimensionless, that can be applied across various habitat types and scales, and that directly 
measure how structural complexity interferes with a predator's foraging ability. These 
indices are: 11) Ct/At. the total area of cover within a habitat (Ct) divided by the area of the 
habitat (At). (2) Cw/Pw. the average width of the individual structures within a habitat (Cw) 
divided by the appropriate width of the prey organism (Pw). (3) Sp/Pr. the average inter- 
structural space size within a habitat (Sp) divided by the width of the predator (Pr), and 
Sp/Py. the average inter-structural space size within a habitat (Sp) divided by the width of the 
prey (Py). Ct/At measures the amount of cover available within a habitat that interferes with 
a predator's ability to see. or otherwise sense, prey within the habitat. Cw/Pw measures the 
extent to which a prey is visible when hiding behind individual structures. Sp/Pr measures 
the extent to which the structure interferes with a predator's ability to move through the 
habitat in search of. or while pursuing, prey. Sp/Py measures the extent to which the structure 
interferes with a prey's ability to move through the habitat. I predicted that prey survivorship 
should (1) increase hvperbolicallv with increasing Ct/At, (2) increase hyperbolically with 
increasing Cw/Pw. and (3) decrease sigmoidally with increasing Sp/Pr. I also predicted that 
different sized fauna should respond differently to artificial seagrass plots deployed in a
xi
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seagrass bed. based on the size of the inter-structural spaces relative to their body sizes 
i Sp/Py i. In a series of 4 laboratory experiments I found that prey survivorship increased 
hvperbolieally with increasing Ct/At, and decreased sigmoidally with increasing Sp/Pr. In 
one laboratory experiment I found no effect of Cw/Pw on prey survivorship. In one field 
experiment I found that small fauna responded positively to increased structure in artificial 
seagrass plots deployed in a seagrass bed. but after controlling for structural surface area 
w ithin each plot there was no difference between treatments, indicating no effect of Sp/Py on 
small fauna. Larger fauna responded to the treatments slightly differently than the small 
fauna, hut the pattern of their response did not support the hypothesis that Sp/Py was 
important for them. The smaller fauna also appeared to respond positively to increased water 
flow speeds within the seagrass bed. and there are several possible mechanisms to explain 
this result.
These experimental results and the new indices of complexity may be useful to 
ecologists and managers interested in predator - prey - habitat interactions. These indices can 
potentially be applied to any habitat type and they are also dimensionless, so they can be 
used to compare the results of studies conducted in different habitats and across different 
spatial scales. The indices, and the predicted shapes of the relationships between the indices 
and prey survivorship, account for the mechanism by which habitat structure promotes prey 
survivorship by interfering with predator foraging ability. As a result, these indices may be 
useful to managers that want to construct artificial habitats or modify natural habitats for a 
particular predator or prey species. Complex habitats interfering with a predator's foraging 
success and providing refuge for prey is a very common phenomenon, and these indices will 
aid ecologists in understanding why and how refugia function.
xii
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CHAPTER 1: GENERAL INTRODUCTION
Complex habitats often have both greater faunal abundances and diversities than 
nearby, simpler habitats. Mechanisms that cause these patterns include, but are not limited to: 
decreased physical stress (Dean and Connell 1987), increased food availability (Hicks 1985, 
Gorham and Alevizon 1989). increased resource or niche availability (O ’Connor 1991), 
increased amounts of surface area for living (Heck and Wetstone 1977), decreased 
competition (Diehl 1988) and increased refuges from predation (Orth et al. 1984). In the 
literature, ecologists have focused the most attention on the effect that complex habitats have 
on predator - prey relationships. Ecologists have demonstrated that complex habitats provide 
refuges from predation in a wide variety of terrestrial, freshwater and marine habitat types, 
and for \arious taxa. including: mammals (Dickman 1992, Sweitzer and Berger 1992), 
insects (Pierce 1988), birds (Schneider 1984, Lima et al. 1987), fish (Heck and Orth 1980, 
Werner and Hall 1988), crustaceans (Jordan et al. 1996), and mollusks (Aronson 1986).
Despite the recognized importance of habitat complexity, there is disagreement 
among ecologists about how to best define and measure it (Lipcius et al. 1998). For example, 
marine ecologists have often measured specific aspects of a particular habitat type as 
complexity: Spartina altemiflora culm density (Van Dolah 1978), number of seagrass blades 
/ square meter (James and Heck 1994) and amount of shell material in polychaete worm 
tubes (Bell 1985). These measurements may be quite useful within their specific habitat 
t>pes. but they make the comparison of results between studies difficult (Beck 1998, Attrill et 
al. 2000). Researchers have also used more universally applicable complexity indices, 
including biomass, surface area (Heck and Crowder 1991), and surface area to volume ratios
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Coull and Wells 1983). Prey survivorship tends to increase as these habitat parameters 
increase, but not always (Heck and Crowder 1991). Furthermore, studies using these 
complexity indices do not always explain why the habitat parameter measured as 
''complexity’' should directly affect prey survivorship.
These complexity indices also do not address the measurement scale involved. Beck 
(1998) and Atrill et al. (2000) stress the importance of measuring habitat parameters at a 
scale that is relevant to the organisms of interest. McCoy and Bell (1991) state that the 
measurement scale is an important component of habitat complexity. Complex habitats 
(unction as predation refuges across a variety of faunal scales, from macrofauna (Heck and 
Wetstone 1977) to meiofauna (Coull and Wells 1983), and complexity indices should allow 
comparison of results between scales.
McCoy and Bell (1991) state that “habitat structure” encompasses the absolute 
abundance of habitat structural components (complexity), the relative abundances of 
different habitat structural components (heterogeneity), and the scale used to measure these. 
Mv research goals are to determine how habitat structure interferes with a predator’s ability 
to catch prey, to determine what habitat parameters best measure these interference 
mechanisms, to predict from first principles the shapes of prey survivorship curves with these 
habitat parameters, and to test my predictions experimentally. I devised four new indices of 
habitat complexity, as defined by McCoy and Bell (1991), that address the effect of structure 
on predator foraging success and prey survival. These indices are dimensionless, they can 
potentially be applied to any habitat scale and type, and they measure habitat parameters that 
directly affect the predator’s foraging ability.
3
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Complex habitats provide refuges for prey by limiting a predator’s ability to move 
throughout a habitat in search of prey, by interfering with a predator’s ability to detect prey 
within the habitat, and by interfering with a predator’s ability to catch prey, once detected 
(Rver 1988. James and Heck 1994). I propose four new indices of structural habitat 
complexity that account for these interference mechanisms: (1) Sp/Pr, which is the average 
inter-structural space size within the habitat of interest (Sp) divided by the linear body 
dimension of the predator that would potentially limit that predator’s ability to move through 
the spaces (Pr). (2) Sp/Py, which is the average inter-structural space size within the habitat 
of interest (Sp) divided by the linear body dimension of the prey that would potentially limit 
the prey's ability to move through the spaces (Py). Sp/Py is similar to Sp/Pr, but is useful 
u hen the size of the prey is known, and the size of the predator is either not known, or there 
are multiple predators of different sizes. (3) Ct/At, which is the average structural cover area 
within a habitat (Ct). divided by the area of the habitat itself (At). (4) Cw/Pw, which is the 
average width of the individual structures within the habitat (Cw), divided by the width of the 
prey organism (Pw). Since these ratios are dimensionless, they can be applied across all 
habitat scales, and they can be used to compare the results of studies conducted at different 
faunal scales. These indices are also potentially (although not necessarily easily) applicable 
to all habitat types. In addition, Sp/Pr, Sp/Py and Cw/Pw incorporate the predator or prey 
sizes into the indices, thus scaling them to the organism of interest. A single habitat can have 
different refuge values for different organisms, depending upon how large the organisms are, 
and these indices account for this phenomenon.
To account for predators’ reduced maneuverability in complex habitats I propose 
measuring the average inter-structural space size within the habitat of interest (Sp). One can
4
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then divide Sp by the predator’s size (Pr), to scale it to the predator of interest. Pr is the 
largest linear distance perpendicular to the predator’s normal direction of motion, and 
perpendicular to the dominant orientation, if any, of the structure within the habitat. Sp/Pr 
measures the extent to which the spaces within the habitat restrict a given sized predator’s 
movement.
I propose that at Sp/Pr values below 1, the predator cannot move through the habitat, 
on average, and prey survivorship should be uniformly high. As Sp/Pr increases beyond 1, 
the number of spaces that the predator can fit through accumulates, the predator’s 
maneuverability within these spaces also increases, and prey survivorship should decrease 
rapidly. Finally, Sp/Pr should reach a point where the predator’s maneuverability is no longer 
hindered, and prey survivorship should be uniformly low past this point. Overall, this forms a 
decreasing sigmoid, or “threshold”, relationship between prey survivorship and increasing 
Sp/Pr (fig 1).
Complexity indices should also account for a predator’s reduced ability to see, or 
otherwise sense, prey in complex habitats. Stoner (1980) found that total surface area 
predicted selection of seagrass habitat by amphipod prey better than biomass (volume) of 
substrate as proposed by Heck and Wetstone (1977). However, given equal biomasses of 
three seagrass species. Stoner (1982) later found that the species with the highest surface area 
provided the worst refuge for an amphipod prey, as predators could easily detect the prey 
through gaps in the small branches. I propose that total structural cross sectional area, or total 
"cov er", may better measure how structure interferes with a predator’s ability to detect prey.
5
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Fig. 1. Proposed theoretical relationship between the average inter-structural space
divided by the width of the predator (Sp/Pr), and prey survivorship.
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The cover provided by an individual structure is the largest cross sectional area of that 
structure, similar to viewing the structure as a shadow, and it measures the amount of area 
within the habitat that the structure obstructs from view. One can then divide the total cover 
(Ct) by the total area of the habitat of interest (At) to create a measure of the amount of cover 
within a given area.
I propose that increasing Ct/At will result in hyperbolically increasing prey 
survivorship (fig. 2). I propose a hyperbolic curve because as the amount of structure within 
a habitat increases, the functional redundancy of each new structure, in terms of sensory 
obstruction, also increases. For example, imagine a habitat containing a single structure. 
Adding another structure obstructs more of the habitat from sensory detection. However, the 
new structure also obstructs part of the habitat already blocked off by the original structure, 
and vice versa, making the two structures functionally redundant for some parts of the 
habitat. As more structures are added (increasing Ct/At), one gets continually diminished 
returns in the amount of additional habitat that is obstructed from sensory detection, and thus 
continually diminished returns in prey survivorship. Overall, this implies a hyperbolic 
relationship of Ct/At and prey survivorship.
Alternatively, in situations where prey are as fast or faster than a given predator, and 
the prev can easily detect that predator, the predator may benefit from increased cover more 
than the prey. James and Heck (1994) suggest that ambush predators in particular may 
benefit from increased cover, although they found no effect of increased complexity on the 
foraging success of the seahorse Hippocampus erectus, which they considered to be an 
ambush predator. Similarly, Savino and Stein (1989) found no effect of increased vegetation
7
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Fig. 2. Proposed theoretical relationship between the structural cover area within a habitat
divided by the area of the habitat (Ct/At), and prey survivorship
8
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density on the capture success of pike Esox luciiis (an ambush predator) feeding on bluegills 
Lepomis macrochims and minnows Pimephales promelas. They did find that largemouth 
bass Micropterus salmoides altered their foraging strategy from active searching to 
ambushing as vegetation density increased (Savino and Stein 1989).
In situations where the size of the prey is known and the size of the predator is not 
known, or there are multiple predators of various sizes, I propose measuring Sp/Py which is 
similar to Sp/Pr. Sp is again the average size of the inter-structural spaces in the habitat, and 
Py is the largest linear dimension of the prey, perpendicular to its normal direction of motion, 
that w ould potentially limit its ability to fit through the spaces. This index may also be 
preferable to Sp/Pr when determining habitat refuge values from the prey's perspective.
Assuming that the predators are larger than the prey organism of interest, I propose 
the following relationship between prey survivorship and Sp/Py (fig. 3): At Sp/Py values less 
than 1 (part a) the spaces within the habitat are too small for the prey to fit through, so the 
prey cannot use the habitat as a refuge, and prey survivorship should be low. At Sp/Py values 
slightly above I (part b) the spaces within the habitat are ideal for the prey because it can fit 
through the inter-structural spaces, but its predators cannot (again assuming the predators are 
larger than the prey). As Sp/Py increases (part c) the number of predators able to fit through 
the spaces accumulates, the maneuverability of the individual predators increases, and prey 
survivorship decreases rapidly. At very large Sp/Py values (part d) all potential predators can 
fit through the inter-structural spaces easily, and prey survivorship is low. This model 
predicts that inter-structural space size, relative to prey body size, may be important in 
determining the refuge value of a habitat, and that one habitat may have different refuge 
values to different prey individuals, depending upon their sizes (Py). Note that the abruptness
9
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Fig. 3. Proposed theoretical relationship between inter-structural space size /  prey body width 
(Sp/Py) and prey survivorship, assuming that the predators are larger than the prey. At point 
"a" on this graph the spaces, on average, are too small to be used as refuges, and prey 
survivorship is low. At point "b” the prey can move through the spaces in the habitat, but all 
of its potential predators cannot and prey survivorship is high. As the spaces get larger (point 
"c") the number of predators that can fit through the spaces accumulates, and their 
maneuverability increases, and prey survivorship drops rapidly. When spaces are very wide 
relative to prey body size (point “d” ) none of the potential predators are impeded by the 
structures and prey survivorship is uniformly low.
10
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of the survivorship transition from Sp/Py values less than one to those greater than one will 
probably decrease as heterogeneity in Sp/Py values increases within the habitat.
Another factor that may be important to prey survivorship is the cover quality of each 
individual structure, i.e. how large the structure is relative to the prey organism. For example, 
imagine a habitat with 5 structures that are 1 unit wide, and another habitat that has I 
structure that is 5 units wide. A prey organism that is 1 unit wide can, perhaps, effectively 
hide in both habitats, and its survivorship may be nearly equal in both habitats. A prey 
organism that is 5 units wide, however, would always be at least partially visible in the 
habitat with narrow structures, but it could, perhaps, effectively hide behind the single, wider 
structure. Thus, prey survivorship may differ between the habitats for the larger prey, but not 
the smaller.
To address the issue of cover quality I devised the dimensionless index: cover width / 
prey w idth (Cw/Pw). The cover width is the average projected width of the individual 
structures within a habitat, again viewing the structures as shadows, and the prey width is the 
appropriate linear dimension of the organism, depending upon how it hides behind structure. 
For example, grass shrimp Paleomonetes spp. grip vertically-oriented, thin structures with 
their heads up or down (pers. obs.). Thus, the appropriate Pw to measure would be their 
carapace width (not their length from head to telson) as this is the dimension that would be 
potentially revealed behind the structure. Some amphipods, like Gammarus mucronatus, tend 
to grip long, thin structures from the side, with their pereopods downward (pers. obs.), so the 
appropriate Pw' to measure in this case would be the head to telson length.
I performed a simple two-dimensional simulation to determine how the “average 
amount of the prey hidden” varied with increasing Cw/Pw. I simulated an individual
11
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structure providing cover as a line, and a prey organism hiding behind the structure as a 
circle tangent to the line at its mid point (fig. 4). The length of the line would be Cw, and the 
diameter of the circle would be Pw. The predator “seeing” the prey was simulated as parallel 
light rays striking the prey and cover. I rotated the predator 360 degrees around the prey and 
cover, and measured the “amount hidden” as the fraction of the prey’s total diameter that 
would be in the shadow of the structure, i.e. the fraction hidden from view. The “average 
amount hidden" for a given Cw/Pw is the average fraction of the prey hidden from view as 
the predator is rotated 360 degrees around the prey (viewing the prey from all potential 
angles). I performed this simulation for a variety of Cw/Pw ratios, and I found that:
average amount of the prey hidden = [(Cw/Pw) /  (1 +  Cw/Pw)] x 0.5 (equation 1)
This is a hyperbolic relationship that has its asymptote at 0.5, i.e. at very large Cw/Pw values 
the predator is either on one side of the structure or the other, and has a 50 percent chance of 
seeing either the entire prey or none of the prey. I f  the total amount of the prey hidden is 
proportional to prey survivorship, then prey survivorship should increase hyperbolically with 
increasing Cw/Pw. This simplistic simulation could be complicated by prey behavior of 
course. If prey do not hide directly behind individual structures, prey survivorship would be 
less dependent upon Cw/Pw. Conversely, prey may maximize the utility of the available 
cover by actively tracking the position of predators and changing their position accordingly, 
thus maximizing the amount of their body that is hidden (Main, 1987).
It is also possible that prey may be more vulnerable behind wide structures compared 
with narrow structures, if  prey vigilance and subsequent escape is more important to prey
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fig. 4. Example of the two-dimensional simulation used to determine the relationship 
between Cover width /  Prey width (Cw/Pw) and the “average amount of the prey hidden". 
The cover is a simple line, and the prey is a circle tangent to the line at its midpoint. The 
predator's vision is simulated as parallel light rays striking the cover / prey complex. In this 
example Cw/Pw = 1. the predator is viewing the prey from a 45 degree angle, and the prey is 
50% hidden. If the predator were viewing the prey from all angles simultaneously in this 
example, the prey would, on average, be 25% hidden.
13
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survivorship than hiding. For example, Lima (1992) found that Downy Woodpeckers 
Picoides pubescens exhibited increasing vigilance behavior as the width of the tree trunks 
that they foraged on increased. He also found that the woodpeckers preferred thin or medium 
width trunks over wide trunks, presumably because the wider trees interfered more with their 
ability to detect potential predators (Lima, 1992).
Table I summarizes the four dimensionless indices, what they measure, and the 
proposed shapes of the relationships between prey survivorship and these indices. I tested 
\anous hypotheses arising from these proposed new indices of structural habitat complexity 
in a series of laboratory and field studies, and I present the results of these experiments in the 
following chapters. M y first experiments tested whether Sp/Pr and Ct/At influence prey 
survivorship and the shapes of the relationships. I conducted these experiments in tanks with 
I'ltiululiis heterocliius as predators and mobile amphipods as prey. M y next experiment tested 
whether Cw/Pw influences prey survivorship. I conducted this experiment in tanks with F. 
heteroditus as predators and Paleomonetes spp. as prey. For my final experiment I deployed 
artificial seagrass plots in a Zostera marina bed, to determine if  fauna of different sizes 
responded to the plots differently, based upon the size o f the spaces within the plots relative 
to the faunal body sizes (Sp/Py).
14
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Table 1. A list of th? new dimensionless indices o f structural habitat complexity, including what they measure 
and the proposed shapes of the relationships between the indices and prey survivorship.
Dimensionless
index
W hat the index measures Proposed shape o f the relationship between 
the index and prev survivorship
Sp/Pr The average inter-structural space size /  The 
largest linear dimension o f the predator, 
perpendicular to its normal direction o f motion, 
that would potentially lim it its ability to move 
through the spaces.
Survivorship decreases sigm oidally with 
increasing Sp/Pr
Sp/Py The average inter-structural space size /  The 
largest linear dimension o f  the prey, 
perpendicular to its normal direction o f  motion, 
that would potentially lim it its ability to move 
through spaces.
Assuming the predator is w ider than the prey, 
survivorship should be low at Sp/Py <  1 as 
prey cannot fit through the spaces on 
average, should be m axim ized at Sp/Py 
slightly greater than 1. and should then 
decline sigmoidally w ith increasing Sp/Pv
Ct/.-M The total area o f the "cover'’ w ithin a habitat 
(when viewing the structure as a shadow) /  The 
total area o f the habitat itself
Prey survivorship should increase 
hyperbolieallv with increasing C t/A t
Cw/Pw The average width o f the individual structures / 
The width o f the prey
Prey survivorship should increase 
hyperbolieallv with increasing C w /P w
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CHAPTER 2: NEW  DIM ENSIONLESS INDICES OF STRUCTURAL  
H A B ITA T  C O M PLEXITY: PREDICTED A N D  A C TU A L EFFECTS ON A 
PREDATOR’S FORAGING SUCCESS
(Portions of this chapter published in Mar. Ecol. Prog. Ser. 206: 45-58. 
other portions submitted to Mar. Ecol. Prog. Ser.)
Abstract
Ecologists have long known that complex habitats often provide prey with refuges 
from predation. This is true for a wide variety of habitat types, in terrestrial, freshwater and 
marine systems. Despite the recognized importance of structural habitat complexity, 
ecologists have defined and measured complexity in many different ways. I propose two new 
indices of structural habitat complexity that are dimensionless, that can be applied across 
various habitat types and scales, and that directly measure how structural complexity 
interferes with a predator's foraging ability. These indices are: the total area of cover within a 
habitat divided by the area of the habitat (Ct/At) and the average inter-structural space size 
divided by the size of the predator (Sp/Pr). Ct/At measures the amount of cover available 
w ithin a habitat that interferes with a predator’s ability to see, or otherwise sense, prey within 
the habitat. Sp/Pr measures the extent to which the structure interferes with a predator’s 
ability to move through the habitat in search of, or while pursuing, prey. I predicted that prey 
survivorship should increase hyperbolically with increasing Ct/At, and that survivorship 
should decrease sigmoidally with increasing Sp/Pr. I also predicted that both Ct/At and Sp/Pr 
can influence survivorship independently, and that together they form a survivorship surface.
I tested my model in four laboratory experiments with the fish Fundiilus heteroclitus as
16
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predators and amphipods as prey, and in one field experiment. The results of the laboratory 
experiments support my model for Sp/Pr and Ct/At. The results of the field experiment are 
consistent with my laboratory results, and my model. I also combined the results of all the 
laboratory experiments to form a modeled regression equation of the survivorship surface for 
large F. heieruditus feeding on amphipods for various levels of Ct/At and Sp/Pr. The 
regression equation was highly significant, and fit the data quite well. In this modeled 
regression, amphipod survivorship increased hyperbolically with increasing Ct/At. and 
decreased sigmoidally with increasing Sp/Pr.
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Introduction
Complex habitats often have both greater faunal abundances and diversities than 
nearby, simpler habitats. Mechanisms that cause these patterns include, but are not limited to 
decreased physical stress (Dean and Connell 1987), increased food availability (Hicks 1985. 
Gorham and Alevizon 1989), increased resource or niche availability (O ’Connor 1991), 
increased amounts of surface area for living (Heck and Wetstone 1977), decreased 
competition (Diehl 1988) and increased refuges from predation (Orth et al. 1984). In the 
literature, ecologists have focused the most attention on the effect that complex habitats have 
on predator - prey relationships. Ecologists have demonstrated that complex habitats provide 
refuges from predation in a wide variety of terrestrial, freshwater and marine habitat types, 
and for various taxa, including: mammals (Dickman 1992), insects (Pierce 1988), birds 
(Schneider 1984), fish (Werner and Hall 1988), crustaceans (Jordan et al. 1996), and 
mollusks (Aronson 1986).
Despite the recognized importance of habitat complexity, ecologists remain 
somewhat confused about how to best define and measure structural complexity (Lipcius et 
al.. 1998). For example, marine ecologists have often measured specific aspects of a 
particular habitat type as complexity: Spartina altemiflora culm density (Van Dolah 1978), 
number of seagrass blades /  square meter (James and Heck 1994) and amount of shell 
material in polychaete worm tubes (Bell 1985). These measurements may be quite useful 
within their specific habitat types, but they make comparison of results between studies 
difficult. Researchers have also used more universally applicable complexity indices, 
including biomass, surface area (Heck and Crowder 1991), and surface area to volume ratios 
(Coull and Wells 1983). Prey survivorship tends to increase as these habitat parameters
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
increase, but not always (Heck and Crowder 1991). Furthermore, studies using these 
complexity indices do not always explain why the habitat parameter employed should 
directly affect prey survivorship.
These complexity indices also fail to address the measurement scale involved, which 
McCoy and Bell (1991) state is an important component of habitat structure. Complex 
habitats function as predation refuges across a variety of faunal scales, from macrofauna 
(Heck and Wetstone 1977) to meiofauna (Coull and Wells 1983), and complexity indices 
should allow comparisons of results between scales.
McCoy and Bell (1991) state that "habitat structure” encompasses the absolute 
abundance of habitat structural components (complexity), the relative abundances of 
different habitat structural components (heterogeneity), and the scale used to measure these. 
In this paper I devise two new indices of habitat complexity, as defined by McCoy and Bell 
(1991), that address the effect of complexity on predator foraging success and prey survival. 
These indices incorporate the measurement scale in a way that makes them dimensionless, 
and they can be applied to any habitat scale and type.
Complex habitats provide refuges for prey by limiting a predator’s ability to move 
throughout a habitat in search of prey, by interfering with a predator’s ability to detect prey 
within the habitat, and by interfering with a predator’s ability to catch prey, once detected 
(Ryer 19SS. James and Heck 1994). I propose two new structural habitat indices that directly 
measure these interference mechanisms: ( I )  the total amount of cross sectional area (total 
cover) within a given habitat area for prey to hide behind (2) the sizes of the inter-structural 
spaces, or gaps, that the predator must maneuver through, relative to the size of the predator 
itself.
19
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To account for predators’ reduced maneuverability in complex habitats I propose 
measuring the average inter-structural space size within the habitat of interest (Sp). One can 
then divide Sp by the predator’s size (Pr), to scale it to the predator of interest. Pr is the 
largest linear distance perpendicular to the predator’s normal direction of motion, and 
perpendicular to the dominant orientation, if any, of the structure within the habitat. Sp/Pr is 
dimensionless, and it measures the extent to which the spaces within the habitat restrict a 
given sized predator’s movement.
I propose that at Sp/Pr values below I, the predator cannot move through the habitat, 
on average, and prey survivorship should be uniformly high. As the average Sp/Pr increases 
beyond 1. the number of spaces that the predator can fit through accumulates, the predator’s 
maneuverability within these spaces also increases, and prey survivorship should decrease 
rapidly. Finally. Sp/Pr should reach a point where the predator’s maneuverability is no longer 
hindered, and prey survivorship should be uniformly low. Overall, this forms a decreasing 
sigmoid, or "threshold”, curve with increasing Sp/Pr.
Complexity indices should also account for the predator’s reduced ability to see. or 
otherwise sense, prey in complex habitats. Stoner (1980) found that surface area predicted 
selection of seagrass habitat by amphipod prey better than biomass (volume) of substrate as 
proposed by Heck and Wetstone (1977). However, given equal biomasses of three seagrass 
species. Stoner (1982) later found that the species with the highest surface area provided the 
worst refuge for an amphipod prey, as predators could easily detect the prey through gaps in 
the small branches. I propose that total structural cross sectional area, or total "cover”, may 
better measure how' structure interferes with a predator’s ability to detect prey.
20
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The cover provided by an individual structure is the largest cross sectional area of that 
structure, similar to viewing the structure as a shadow, and it measures the amount of area 
within the habitat that the structure obstructs from view. One can then divide the total cover 
(Ct) by the total area of the habitat of interest (At) to create a dimensionless measure of the 
amount of cover within a given area.
I propose that increasing Ct/At will result in hyperbolically increasing prey 
survivorship. I propose a hyperbolic curve because as the amount of structure within a habitat 
increases, the functional redundancy of each new structure, in terms of sensory obstruction, 
also increases. For example, imagine a habitat containing a single structure. Adding another 
structure obstructs more of the habitat from sensory detection. However, the new structure 
also obstructs part of the habitat already blocked off by the original structure, and vice versa, 
making the two structures functionally redundant for some parts of the habitat. As more 
structures are added (increasing Ct/At), one gets continually diminished returns in the 
amount of additional habitat that is obstructed from sensory detection, and thus continually 
diminished returns in prey survivorship. Overall, this implies a hyperbolic relationship of 
Ct/At and prey survivorship.
Total cover and average space size can vary independently of each other, and each 
can contribute to increased prey survivorship. I propose that prey survivorship varies as a 
function of both Ct/At and Sp/Pr, forming a survivorship surface similar to figure 5. In this 
conceptual model, adding cover to a habitat with a large Sp/Pr value increases prey 
survivorship hyperbolically, but adding cover to a habitat with small Sp/Pr values has little 
impact, as prey survivorship is already high. Similarly, decreasing Sp/Pr values in a habitat 
with little cover increases prey survivorship in a sigmoid, or threshold, manner, whereas
21
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Fig. 5. Proposed theoretical relationship of total prey survivorship to total cover area / total 
habitat area (Ct/At) and average space size / prey size (Sp/Pr). Total prey survivorship 
increases hyperbolically with increasing Ct/At. and increases sigmoidally with decreasing
Sp/Pr.
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decreasing Sp/Pr values in a habitat with adequate cover would have less impact. To test this 
model I performed four laboratory experiments, and one field experiment.
23
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Materials and methods
General experimental procedures
I used large individuals (> 8 cm length) of the fish Fundulus heteroclitus as the 
predators for the first 3 laboratory experiments, and I used fish > 7.5 cm length for the fourth 
experiment. I used large F. heteroclitus to ensure that they were not gape limited for the 
amphipods I used as prey (pers. obs.). F. heteroclitus are ubiquitous inhabitants of Spartina 
altemiflora  salt marshes along the east coast of the United States. They are omnivorous, and 
have been previously used in predation experiments with amphipods (Vince et al. 1976, Van 
Dolah 1978). I collected fish for all four laboratory experiments with minnow traps from salt 
marshes adjacent to the York River, Virginia. In the first three laboratory experiments the 
fish were fed commercial flake food supplemented with some live natural prey items while in 
captivity, in the fourth experiment they were fed live shrimp and live polychaetes.
I conducted all four laboratory experiments in the Glucksman Experimental 
Mesocosm Laboratory at the Virginia Institute of Marine Science. This lab has flow-through 
estuarine water from the York River, and climate control. The tanks for all the laboratory 
experiments were 36 x 94 x 22 cm and plastic, and were filled to a depth of 15 cm for the 
experiments. The tanks had rounded edges, to minimize potential comer effects, and I 
covered the exterior sides and bottoms with white paper, which allowed light in, and 
prevented outside motion from disturbing the fish. The wooden dowels creating the structure 
in the first 3 experiments protruded downward, almost perpendicularly, through the tank tops 
until they touched the bottoms. In the middle of each tank top was an 8 x 8 cm square
24
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opening, which allowed me to place amphipods and fish into the tanks, and allowed light in. 
During the first 3 experiments these “opening” portions of the tanks remained without 
dowels, but they represented only 2% of the total water volume.
I placed the experimental tanks in a row, and filled each with York River water 
approximately twenty hours before experimentation. During the first 3 experiments I 
randomly assigned each complexity treatment to a container for each run. Twenty-four hours 
before experimentation, fish were placed in a separate, empty container for starvation. Two 
hours before experimentation I placed 16 amphipods randomly into each container; I also 
placed two randomly selected fish into the water suspended by mesh bags from openings in 
the tops. This allowed both the fish and the amphipods to acclimate, without the fish eating 
the amphipods. I placed two fish in each tank because single fish did not consistently feed in 
pilot studies.
The experiments began when the fish were released to feed on the amphipods. I 
released fish in a random order, and recaptured them in the same order. The elapsed time to 
release the fish was about 2 minutes, and to recapture about 5 minutes. I was careful to 
minimize disturbance to the fish throughout the experiment, as disturbed fish did not feed for 
10 to 15 minutes after disturbance (pers. obs.). I stopped the experiment 75 minutes after 
release by quickly disturbing each tank. I then captured the fish with a dip net, placed them in 
bags for later measurement, and counted surviving amphipods. I measured the operculum to 
operculum width of the fish, as this dimension would affect the fish's maneuverability within 
the tanks. The average linear space between the vertically oriented structures was limiting, so 
1 measured the fish’s largest horizontal linear distance perpendicular to the structures, and to
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the fish’s normal direction of motion (which was the operculum to operculum width for F.
heteroclitus).
The choices of 16 amphipods and 75 minute exposure times were not arbitrary in 
these experiments. I chose to use 16 amphipods because the fish could eat this amount 
without apparent satiation. I chose 75 minute exposure times because in preliminary tests it 
took about this long for two starved F. heteroclitus to eat 16 amphipods in my control 
treatment (with no structure). By using 16 amphipods exposed for 75 minutes, I am fairly 
certain that any prey survivorship I observed was due to the structural complexity alone. I 
also did not want to expose the amphipods to the predators for too long a period of time. For 
example, if I had allowed the fish to fed on the amphipods for 24 hours I probably would 
have observed nearly zero prey survivorship in all of the treatments, and thus no difference 
between the treatments. In this example, the amount of structure in a treatment may have had 
a dramatic effect on the amount of time it took the fish to eat all the amphipods. but I would 
not have been able to detect this effect.
I chose to analyze the results of all four experiments with categorical data analyses 
because 1 (correctly) anticipated that I would not be able to use standard A N O V A  analyses, 
due to problems with highly unequal variances between treatments. The categorical 
statistical procedures that I used treat each amphipod as an independent, replicate, bemoulli 
trial with two possible categorical outcomes: “survived” or “eaten” (Agresti, 1990). The 
survivorship results from all experimental runs were pooled within a given complexity 
treatment for these analyses. For the first experiment I performed six runs over the span of 
nine days, for the second experiment I performed nine runs over fourteen days, for the third
26
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experiment I performed six runs over eleven days and for the fourth experiment I performed 
nine runs over eighteen days.
I analyzed the curve shapes of Ct/At and Sp/Pr versus prey survivorship in all of the 
experiments by estimating the first derivatives of the curves, an approach suggested by 
Lipcius et al. (1998). I calculated the first derivatives for all the data points as: A survivorship 
divided by A Sp/Pr or A Ct/At, and then plotted these values versus Sp/Pr or Ct/At, 
respectively. The midpoints of each of the two Sp/Pr or Ct/At points used were the x 
coordinates for the first derivative plot. I proposed a negatively sloped sigmoid relationship 
between Sp/Pr and survivorship, and the first derivative shape for this relationship would 
resemble a "V ” or “U” with all values being negative (Lipcius et al., 1998). I proposed a 
positive hyperbolic relationship between Ct/At and survivorship, and the first derivative 
shape tor this relationship would be higher, positive values at low Ct/At values, with values 
dropping rapidly before leveling off at lower, positive values at high Ct/At (Lipcius et al., 
199S). The first derivative of a simple, linear relationship of survivorship versus Sp/Pr or 
Ct/At would be a flat line (Lipcius et al., 1998).
First laboratory experiment
I used large sized individuals of the amphipod Leptocheims pliimulosus as my prey in 
the first laboratory experiment. L. plumulosus is normally a tube dweller on muddy bottoms 
(Bousfield 1973). When it does not have mud to burrow in (as in these experiments) it moves 
about, mostly crawling on the bottom. When disturbed it exhibits a quick, swimming escape 
response (pers. obs.). and for the purposes of these experiments it is considered a mobile prey 
item. Dauer et al. (1982) found that L. plumulosus was the second most abundant species
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caught in nocturnal plankton tows conducted in the LaFayette River, Virginia. They classify 
this species as a "good swimmer'’, and their results demonstrate that L. plumulosus may be 
accustomed to, and is certainly capable of, active swimming under natural conditions. I 
obtained L  plumulosus from cultures maintained at the Virginia Institute of Marine Science. 
The fish were collected in late October 1997, and kept for three weeks prior to 
experimentation in a large, outdoor, flow-through tank with water from the York River.
In this laboratory experiment I had tanks with six different complexity levels formed 
by evenly spaced. 0.30 cm diameter wooden dowels, and one tank with no dowels. The 
habitat structural parameters for this experiment are shown in table 2.
1 performed this experiment to determine the general relationship between prey 
survivorship and increasing Sp/Pr and Ct/At, and to test the results against my model. The 
null hypothesis for the first laboratory experiment was: there is no relationship between 
either Ct/At or Sp/Pr and prey survivorship. In this first experiment biomass (volume), 
number (density) and surface area of dowels all covaried exactly with the total cover of the 
dow els, so I could not determine which of these habitat parameters best predicted prey 
survivorship. I tested the first null hypothesis using logistic regression with SAS, similar to 
Gotceitas and Colgan (1989).
Second laboratory experiment
For this experiment the prey were again L. plumulosus from cultures. I collected fish 
in early January, 1998, and kept the fish for between one and nine days prior to 
experimentation in a large, indoor, tank with flow-through water from the York River.
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I created four different complexity treatments, formed by evenly spaced 0.30 cm or 
0.95 cm diameter wooden dowels. Two tanks had almost equal, wide, average space sizes. I
Table 2 Tank structural parameters tor the first experiment.
C om plexity treatment
0 I *> 3 4 5 6
Inter-structural space size: Sp
icm i
- 11.97 7.06 4.30 3.38 2.33 1.74
Avg fish opercular width: Pr 1.41 1.49 1.43 1.43 1.47 1.43 1.45
em i i S E i <0.(W) (0 .04) (0 .04) (0 .02) (0 .05) (0 .03) (0 .03)












Total cover area: C t tern") 0 62 213 590 999 2.020 3.397
Total cover area /  Tank area: 
C t/A t
0 0.02 0.06 0.17 0.29 0.59 0.99
Total number o f dowels 
iproportional to density!
0 14 48 133 225 455 765
Total volume o f dowels tern’ ) 
iproportional to biomass)
0 15 50 139 235 476 800
Total surface area o f  dow els 0 195 670 1.855 3.138 6.347 10.671
iem : i
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constructed one of these with small dowels, and the other with large dowels, so they each 
contained different amounts of total cover. The other two tanks had almost equal, narrow, 
average space sizes, again constructed with different sized dowels, producing different 
amounts of cover. The habitat structural parameters for this experiment are shown in table 3.
1 performed this experiment to determine whether Ct/At and Sp/Pr influence prey 
survivorship independently, and in particular whether increased Ct/At, within equal Sp/Pr 
levels, leads to increased prey survivorship. This experiment also allowed me to determine 
whether Ct/At. biomass (volume) of dowels or number (density) of dowels best predicted 
prey survivorship, as these parameters did not covary exactly as in experiment 1. I could not 
make this distinction for total dowel surface area, as this parameter still covaried exactly with 
Ct/At. The second null hypothesis was: survivorship is independent of both space size and 
dowel size. I tested this null hypotheses using log-linear modeling with SAS. If  survivorship 
was independent of dowel size, but not of space size, I would conclude that differences in 
Ct/At between the treatments were not important to survivorship, but that differences in 
Sp/Pr were important.
Third laboratory experiment
For the third experiment I collected fish in early June 1998, and kept them between 
one and eleven days before experimentation in a large, indoor, flow-through tank. The prey 
for this experiment were large individuals of the amphipod Gammams mucronatus. G. 
mucronatus are common epifaunal amphipods which I collected from the York River,
V irginia. I used different amphipod species in the four experiments because of differences in 
species availability at the time the experiments were conducted.
30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 3. Tank structural parameters for the second experiment.











Inter-structural space size: Sp (cm) 4.30 4.40 1.45 1.39
A \g  fish opercular width: Pr (cm)
1SH i
I 28 (0 .03) 1.33 (0 .03) 1.31 (0 .03 ) 1.33 (0 .02)
Sp.-Pr ■ SEi 3 3 9 (0 .0 8 ) 3.33 (0 .07) 1.12 (0 .02 ) 1.05 (0 .02)
Total cover area: Ct (cm ') 590 1.434 4.618 8.225
Total cover area /  Tank area: C t/A t 0.17 0.42 1.35 2.40
Total number o f dow els 
i proportional to density)
133 102 1.040 585
Total volume o f dowels (c m ’ ) 
i proportional to biomass i
139 1.069 1.088 6.134
Total surtace area ot dowels (cm 'l 1.S55 4.505 14.507 25.S40
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I constructed pairs of low, medium, and high cover treatments, such that each 
member of a pair had the same total cover and average inter-structural space size. The 
structure was formed by evenly spaced 0.30 cm diameter dowels. The habitat structural 
parameters for this experiment are shown in table 4. Each member of a pair received a 
different sized fish, either less than or equal to 1.3 cm operculum to operculum width or 
greater than or equal to 1.5 cm operculum to operculum width, so that each container had 
different Sp/Pr values. Overall, 1 had six treatment combinations with three cover levels (low. 
medium and high) and two sizes of predators (larger and smaller). In this way there were 
different Sp/Pr values within a single cover level, due to the operculum to operculum width 
differences of the fish.
1 performed this experiment to again determine whether Ct/At and Sp/Pr influence 
prey survivorship independently, and in particular whether decreased Sp/Pr, within equal 
Ct/At treatments, leads to increased prey survivorship. The third null hypothesis was: 
survivorship is independent of both fish size and cover level. I tested this hypothesis using 
log-linear modeling in SAS. If  survivorship was not independent of cover level, but was 
independent of fish size, then I would conclude that Sp/Pr was not important to survivorship, 
but that Ct/At was important.
Fourth laboratory experiment
I collected amphipods from artificial seagrass plots deployed in a seagrass bed in the 
York River. Virginia for use as the prey in this experiment. A ll the amphipods that I used
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M edium  
cover 
Small fish
C om plexity treatment
H igh Low  
cover Cover 







Inter-structural space size: Sp
' cm i
4 .30 2.33 1.45 4.30 2.33 1.45
Avg. lish gill to gill width: Pr 1.24 1.25 1.25 1.58 1.55 1.55
icm i i S E i (0 .02) (0 .02) (0 .02 ) (0 .03) (0 .02) (0 .03)
Sp/Pr (S E i 3.48 1.92 1.16 2.73 1.50 0.94
(0 .05) (0 .04) (0 .02 ) (0 .04) (0 .02) (0 .02)
Total cover area: C t (cm ') 590 2.020 4.618 590 2.020 4.618
Total cover area / Tank area: 
C t/A t
0.17 0.59 1.35 0.17 0.59 1.35
Total number o f dowels 
i proportional to density)
133 455 1.040 133 455 1.040
Total volume o f dowels (cm ’ ) 
iproportional to biomass)
139 476 1.088 139 476 1.088
Total surface area o f dowels (cm") 1.855 6.347 14.507 1.855 6.347 14.507
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were active, epifaunal species collected in August and September of 2 00 0 .1 did not identify 
each individual amphipod used in this experiment, but most of them were either Gammams 
mucronaius. Ampithoe spp. or Cymadusa compta. Amphipods were kept 1-24 hours prior to 
experimentation in buckets placed in a flow-through tank that received water from the York 
River. Each bucket had holes with mesh over them that allowed some water exchange. 
Amphipods were randomly added to the tanks immediately before the fish, and each 
amphipod was observed to determine whether they were appropriately “active” or not. 
Amphipods that did not immediately swim when put in the tanks or exhibit an escape 
response w hen gently nudged were replaced. F. heteroclitus were kept in a tank with flow­
through water for approximately 0 to 7 days before experimentation.
Unlike the first three experiments, the structural cover for this experiment was 
provided by 14 cm long, smooth, dark green ribbon, which were secured to the bottom of the 
tanks w ith silicon aquarium adhesive. The widths of the structures used in the six different 
treatments were: 0.1, 0.2, 0.3, 0.5, 1.0 and 2.4 cm. Each treatment had different amounts of 
total cover (Ct). but all had nearly equivalent inter-structural space sizes. Note that in all of 
these treatments Sp/Pr is greater than 2.2, which is the beginning of the “threshold” where 
narrow spaces begin to affect F. heteroclitus maneuverability (as determined previously by 
experiments 1 and 3). The habitat parameters for this experiment are shown in table 5.
I performed this experiment to further explore whether treatments with different 
Ct/At had different prey survivorships when exposed to predators. I also wanted to further 
explore the shape of the relationship between Ct/At and prey survivorship, which was not 
resolved by the first three experiments. The fourth null hypothesis was: prey survivorship is
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Table 5. Tank structural parameters for the fourth experiment.
Com plexity treatment
1 2 3 4 5 6
Asg. Inter-structural 
Space si/e: Sp (cm)
-f.O 4.1 4.1 4.0 4.1 4.1
Astt. fish opercular 
cstilth: Pr icon (S E i
1.3 (0 .0) 1.3 (0.0) 1.3 (0 .0 ) 1.3 (0 .0) 1.3 (0 .0 ) 1.3 (0 .0)
Asg. Sp/Pr (SE i 3.1 (0 .0) 3 .2 (0.1) 3 .210.0 ) 3.1 (0.1) 3.2 (0 .0 ) 3.2 (0 .0)
Total number o f structures 176 161 161 161 138 105
Total o n e r  area: Ct icm ') 246 451 676 1127 1932 3528
Total cover area / Tank 0.07 0.13 0.20 0.33 0.57 1.04
area: C t/A t
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independent of Ct/At treatment. I analyzed the results of this experiment using log-linear
modeling in SAS.
Combined results of the four laboratory experiments
I used the data from all four laboratory experiments to plot a modeled regression 
survivorship surface of Sp/Pr and Ct/At versus percent prey survivorship (similar to fig. 5). I 
used the data from the four experiments to form the simplest regression model that fit the 
data and accounted for the shapes of the relationships between Ct/At, Sp/Pr and prey 
survivorship. I performed this regression with a user-defined regression equation in Sigma 
Plot 2000.
Field experimental procedure
I performed this experiment to determine if  differences in space sizes observed in 
nature possibly affected the size distribution of fish. If  large F. heteroclitus were less 
maneuverable in small spaces in my lab experiments, I might expect that larger F. 
heteroclitus would be less likely to be found in areas with smaller inter-structural spaces, and 
thus smaller Sp/Pr values.
The field site was part of the Goodwin Islands, located at the mouth of the York 
River. 37 12’ 46” N. 76 23’ 46” W . In late July, 1998 I measured inter-structural space 
distances at 70 randomly chosen points in both short (< 45 cm height), and tall (> 45 cm 
height ) form 5. altemiflora. Short form S. altemiflora  is generally found higher on the 
marsh surface than tall form S. altemiflora , and both forms were readily distinguishable on 
this marsh. The short form S. altemiflora appeared to be more closely spaced than the tall
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form S. altemiflora. At each point I haphazardly chose a single S. altemiflora plant and 
measured, at 12 cm above the marsh surface, the distance from the plant to the nearest 
structure within a randomly chosen 90 degree arc of the plant. I did this to determine if there 
was a significant difference in space size between short versus tall form S. altemiflora. I 
tested the null hypothesis that there was no difference in inter-structural space size between 
short and tall form S. altemiflora with a two tailed t-test. Space sizes were log transformed to 
achieve normality.
If I found a difference in space sizes between the Spartina forms, I would test the null 
hypothesis: there is no difference between fish sizes caught within these different forms of S. 
altemiflora. controlling for seasonal and depth effects. Fish size data within the two S. 
altemiflora forms came from daylight 1.48 m diameter drop ring samples previously 
collected at this site (Cicchetti 1998). I had 29 independent samples from short form 5. 
altemiflora. and 36 independent samples from tall form S. altemiflora. Sampling occurred 
from June to November 1995. and May to September 1996. The recovery efficiency for F. 
heteroclitus from 2.8 -  10.2 cm length with this gear in S. altemiflora is 84% (Cicchetti 
1998).
I tested the null hypothesis of no difference in fish sizes between S. altemiflora forms 
using A NC O VA. with “time of year” and water depth as covariates. For “time of year” both 
1995 and 1996 data were combined after a separate A N C O V A  demonstrated no size 
difference between years. ‘T im e of year” was defined as follows: the sampling date earliest 
in the year (in this case May 6lh, 1996) was assigned the value day 1, and subsequent dates 
were numbered accordingly (day 199 was the latest day in the year, November 21st, 1995). I 
used time of year as a covariate because Chesapeake Bay F. heteroclitus recruits first appear
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in the spring and grow throughout the year, so fish size would tend to be smaller earlier in the 
year, just as S. altemiflora height would tend to be shorter. The water depth (cm) was 
measured in the drop ring at each drop. I selected water depth as a covariate because there is 
evidence that small F. heteroclitus may go into shallower water than larger F. heteroclitus 
(Ruiz et al. 1993), and short form S. altemiflora tends to be higher on the marsh surface, and 
thus in shallower water when the marsh is flooded.
Fish sizes were recorded as wet weights (grams) by Cicchetti (1998). I converted 
grams of wet weight to operculum to operculum width (cm) using the equation:
width = (0.7397(wet weight) /  (0.1903 + (wet weight))) + 0.0726(wet weight)
(adjusted R" = 0.9S. the regression is highly significant p <0.0001). To obtain this equation I 
measured operculum to operculum width of 80 F. heteroclitus from the York River, all 
between 0.08 and 11.10 grams wet weight. The fish sizes used in the A N C O V A  were 
converted average F. heteroclitus operculum to operculum width within each independent 
drop ring sample.
38
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Results
First laboratory experiment
For experiment 1 the log odds of survival = -0.4631 -  0 .5 116(Sp/Pr) + 2.4387(Ct/At). 
The Chi-square value was 10.8 (p = 0.001) for the Sp/Pr coefficient, and 17.4 (p = 0.0001) 
for the Ct/At coefficient. This indicated significant relationships of survivorship, the 
dependent variable, with both Sp/Pr and Ct/At, the independent variables. Total surface area, 
number (density) of dowels and biomass (volume) of dowels also would have generated 
significant results similar to Ct/At. since these parameters all covaried exactly (table 2). The 
Pearson chi-square for this equation, a goodness-of-fit statistic, was 0.36 with 4 degrees of 
freedom, indicating an adequate fit (p = 0.99) of the equation to the data (Stokes et al. 1995). 
The relationship between Sp/Pr and survivorship was obviously non-linear (fig. 6 a), but did 
not conform to a negative sigmoid relationship (fig. 6 c). The relationship between Ct/At and 
survivorship was certainly positive (fig. 6 b). The exact shape of the curve is problematic, 
however (fig. 6 d). The small peak seen in this plot indicates that the relationship may be 
slightly sigmoid (Lipcius et al., 1998), however the peak’s small magnitude may indicate a 
simple linear relationship. Surface area /  volume remained constant throughout this 
experiment and was a poor predictor of prey survivorship.
Second laboratory experiment
The most parsimonious log linear model for the second experimental results indicated 
that survivorship was significantly non-independent of both space size and dowel size (table 
6 ). The results indicate that survivorship in treatments with large dowels was higher than
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fig. 6 . Results of the first experiment, (a) Total prey survivorship vs. Sp/Pr, error bars 
represent 1 standard error, (b) Total prey survivorship vs. Ct/At. (c) First derivative of 6 a 
Sp/Pr (d) First derivative of 6 b vs. Ct/At
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those with small dowels, despite nearly identical Sp/Pr values, and that decreasing space size 
led to increasing survivorship (fig. 7a). The relationship between Ct/At and survivorship 
appears to be simply linear (fig. 7b and fig. 7c). Neither volume (biomass) nor number 
(density) of dowels (table 3) demonstrated a clear pattern with prey survivorship in the 
second experiment. Total surface area had the same relationship pattern as Ct/At, as they 
again covaried exactly (table 3).
Third laboratory experiment
The most parsimonious log linear model for the experiment 3 results indicated that 
survivorship was significantly non-independent of both fish size and cover level (table 7). 
Survivorship versus Sp/Pr followed a pattern similar to the first experiment (fig. 8a). The 
results indicated a sigmoid relationship (fig. 8c), with the start of a high survivorship plateau 
at very low levels of Sp/Pr. and with the start of a low survivorship plateau at higher Sp/Pr 
levels. The pattern of survivorship with increasing Ct/At (fig. 8 b) indicates that increasing 
cover led to increased survivorship, and that prey survivorship is higher for the larger fish 
treatments, particularly from the medium cover treatments. This occurred because the 
medium cover treatments spanned the threshold area of figure 8 a.
Fourth laboratory experiment
The log-linear model for the experiment 4 results indicated that prey survivorship was 
significantly not independent of cover treatment (table 8 ). Survivorship increased 
hyperbolically with increasing Ct/At. (fig. 9a and 9b).
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Fig. 7. Results of the second experiment, (a) Total prey survivorship vs. Sp/Pr, error bars 
represent 1 standard error, (b) Total prey survivorship vs. Ct/At. Triangles are narrow space 
treatments, circles are wide space treatments, filled shapes are large dowel treatments, and 
open shapes are small dowel treatments for both a and b. (c) First derivative of 7b vs. Ct/At
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Fig. S. Results of the third experiment, (a) Total prey survivorship vs. Sp/Pr, error bars 
represent 1 standard error, (b) Total prey survivorship vs. Ct/At. Squares are high cover 
treatments, triangles are medium cover treatments and circles are low cover treatments, filled 
shapes are large fish treatments, and open shapes are small fish treatments for both a and b.
(c ) First derivative of 8a vs. Sp/Pr
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Table S Maximum likelihood log-linear model for experiment 4. Note: the interactions between treatment and prey survival
tests the null hypotheses that these factors are independent. A  significant result indicates non-independence.
Source d f Chi-Square Probability
Treatment 5 8.21
Survival 1 141.15
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Fig. 9. Results of the fourth experiment, (a) Total prey survivorship vs. Ct/At. (b) First 
derivative of 9a vs. Ct/At
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Combined results of the four laboratory experiments
The three dimensional graph of the combined Sp/Pr and Ct/At versus percent prey 
survivorship data from the four experiments is shown in fig. 10a and b, along with the 
modeled regression surface. The equation for this regression surface is:
Percent prey survivorship = e -°a7x'|-J-:9(.v/(|-,--v)| x joo where x = Sp/Pr and y = Ct/At.
j  -0.57x + 3 .29 (y /(l+ y ))
Note that a control treatment with Ct/At = 0 (no structure) had 0 percent survivorship, but 
was omitted from this analysis because it could not be assigned an Sp/Pr value. Both of the 
parameters, -0.57 and 3.29, are highly significant (p < 0 .0001 for both), and the overall 
regression is highly significant (table 9). The adjusted R2 for this regression is 0.90. The 
equation for this regression is the simplest, best fitting equation in which percent 
survivorship increased hyperbolically with increasing Ct/At and decreased sigmoidally with 
increasing Sp/Pr. More complex equations (with 3 parameters) had parameters that were not 
significant. Simpler equations that did not account for the specific shapes of the relationships 
between Ct/At. Sp/Pr and survivorship did not fit the results as well.
Field experiment
I found that there was a small but significant difference in space size between short 
and tall form 5. altemiflora (t = 2.16, degrees of freedom = 137, p = 0.032). The average 
space sizes were 4.0 and 5.0 cm for short and tall form S. altemiflora, respectively. Both 
means were highly influenced by rarer, large spaces, and it might be more instructive to
48
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Fig. 10. (a) Three dimensional plot of percent amphipod survivorship versus Ct/At and Sp/Pr 
tor the four experiments combined, with the modeled regression plane, viewed from the 
Ct/At axis, (b) the same, viewed from the Sp/Pr axis.
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T jh le  0 A N O Y A  results lor the modeled planar regression o f Sp/Pr and C t/A t versus percent amphipod survivorship for the 
«.omhmed results o f  the four experiments.
Analysis o f Variance:
d f___________ SS_______________ M S________________F____________ Probability
Regression I 13933.0934 13933.0934 184.6947 <0.0001
Residual 20 1508.7703 75.4385
Total 21 15441.8636 735.3268
5 0
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examine the median space sizes in each form, which were 3.3 and 4.2 cm for short and long 
form S. aliem ijlora , respectively. The A N C O VA  results on the field data from Cicchetti 
(1998) indicate a significant positive relationship of fish size with the covariates date (fig 
1 la) and water depth (fig l ib ) , but no relationship with the factor S. alteniiflora form (table
10 ).
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Fig. 11. (a) Data from drop ring samples, indicating a significant relationship between 
average F. heteroclitus gill to gill width and date. Filled circles are from 1995, open circles 
are from 1996. Gill to gill width (cm) was obtained by converting from the originally 
recorded wet weights (g). (b) The same drop ring samples, indicating a significant 
relationship between average F. heteroclitus gill to gill width and water depth at the time of 
sampling.
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Table 10 A N 'C O V A  for the field data (Cicchetti 1998). S. a ltem iflo ra  form  (short or ta ll) is the main factor, water depth and 
date are eovariates. and fish gill to gill width is the dependent variable.
Source d f  SS M S  F Probability
Date I 0 .29174 0 .29174 4.57 0.037
W ater depth 1 0.88944 0.88944 13.93 <0.0005
S a ltem iflo ra  form 1 0.10635 0.10635 1.67 0.202
Error 61 3.89506 0.06385
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Discussion
Based on first principles I predicted that prey survivorship would decrease 
sigmoidally with increasing average space size /  predator width (Sp/Pr), and increase 
hyperbolicallv with increasing cover area /  tank area (Ct/At). Furthermore, I predicted that 
both of these parameters influence prey survivorship independently and form a survivorship 
surface similar to figure 5. The results from the four laboratory experiments support this 
model.
The results support the idea that Sp/Pr influenced prey survivorship independently of 
Ct/At. and that the survivorship versus Sp/Pr relationship has a decreasing sigmoid shape. In 
the first experiment the lowest Sp/Pr value was 1.21 (fig. 6 a), which was not narrow enough 
to achieve an upper plateau of prey survivorship. It is obvious that with smaller spaces a 
plateau must exist, however, and I demonstrated this plateau in the third experiment with 
smaller Sp/Pr values (fig. 8a).
The results also support the idea that Ct/At influenced prey survivorship 
independently of Sp/Pr. The survivorship versus Ct/At relationship shape is not clear in 
experiment I and 2. In the first experiment the shape of the survivorship curve with Ct/At 
(fig. 6 b) was either linear or slightly sigmoidal. The peak in the first derivative curve (fig. 6 d) 
that may imply a sigmoid relationship is fairly small, so the results, as shown (fig. 6 b), are 
probably simply linear. I f  the relationship is sigmoid, then the inflection point occurs at very 
low Ct/At values (about 0.1). In the second experiment, the relationship with Ct/At, as shown 
(fig. 7b). is simply linear, with about 24 out of 96 amphipods surviving at Ct/At = 0 if I 
extended a linear regression line through the y-axis.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
There are two reasons that the relationship between Ct/At and survivorship may be 
more hyperbolic than the results, as shown in figures 6 b and 7b, indicate. In figure 6 b, the 
higher Ct/At treatments have high survivorship both because of high amounts of cover, and 
because of small space sizes, whereas in the lower Ct/At treatments small space sizes 
certainly do not contribute to prey survivorship. Therefore, the higher Ct/At treatments, 
particularly the highest two treatments, would have had lower survivorship if Ct/At alone 
was contributing to prey survivorship, and the resultant relationship of survivorship versus 
Ct/At in figure 6 b would be more hyperbolic. Therefore, in experiment 1 I cannot resolve the 
relationship shape between Ct/At and prey survivorship because in the high cover treatments 
in figure 6 b. the effect of Ct/At is confounded by low Sp/Pr values. In figure 7b, if I assume 
low survivorship at low Ct/At, then the relationship between Ct/At and survivorship 
conforms to the hyperbolic model. Low survivorship at low Ct/At values may or may not be 
a valid assumption. The evidence supporting this assumption is that I observed no prey 
survivorship in all of my pilot studies with Ct/At = 0 conducted before the first laboratory 
experiment, and during the first laboratory experiment only six amphipods survived out of 
2SS in the three lowest Ct/At treatments. For experiment 2 , 1 cannot resolve the shape of the 
relationship between Ct/At and prey survivorship because I did not use treatments with 
sufficiently low Ct/At values to detect a possible steep increase in prey survivorship from the 
origin, w hich would be associated with a hyperbolic relationship.
I resolved the problems of confounding in experiment L and of insufficiently low' 
Ct/At values in experiment 2 by performing experiment 4. This experiment had nearly equal 
Sp/Pr values in all treatments, and had sufficiently low Ct/At values to detect a hyperbolic 
relationship between Ct/At and prey survivorship, if it existed. As predicted, the results of
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experiment 4 indicated a hyperbolic increase in prey survivorship with increasing Ct/At (fig
9a).
M y results indicate that both Sp/Pr and Ct/At may influence prey survivorship, and 
that the observed patterns are not just because of a relationship between these two 
parameters. Both the Sp/Pr and Ct/At terms are significant for the logistic regression, and the 
fit was remarkably good. Both space size and dowel size were significant in the second 
experiment log-linear model, and both fish size and cover level were significant in the third 
experiment log-linear model. The survivorship results from the four experiments followed a 
fairly consistent pattern, particularly with increasing Sp/Pr. Survivorship dropped rapidly 
after Sp/Pr values of 1 (the predators could just barely maneuver), and reached a lower 
plateau. I suspect that the survivorship observed in figures 6 a, 7a and 8a above Sp/Pr values 
of approximately 2 .2  was probably due to the cover alone, and not due to the fish’s reduced 
maneuverability in smaller spaces, based on where the rapid increase, or threshold, begins in 
figures 6 a and 8 a.
Modeling the results from these four studies produced a regression that fit the 
survivorship results quite well, and had the appropriate shapes with increasing Ct/At and 
Sp/Pr. The good fit illustrates that the survivorship results between experiments were fairly 
consistent for a given Sp/Pr and Ct/At level, despite differences in amphipod prey, time of 
year, structure type etc. between experiments. Note that the Ct/At and Sp/Pr treatments used 
to form this regression are generally high Ct/At and low Sp/Pr, low Ct/At and high Sp/Pr or 
intermediate values for both (fig. 10a and b). The gaps in experimental treatment levels 
where there is no actual data may adversely affect the predictions of the regression. For 
example, at very low Ct/At levels and at low Sp/Pr levels near 1, where there was no
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supporting data, the regression predicts a prey survivorship of less than 40%. However, at 
such low Sp/Pr levels the fish would barely be able to move through the spaces to catch prey, 
and actual prey survivorship would probably be substantially higher, despite the low cover
levels.
The shapes of the relationships between Sp/Pr and Ct/At to prey survivorship lead to 
some interesting and important predictions about habitat structure - predator - prey 
interactions. Adding structure to a habitat with no cover will increase prey survivorship 
rapidly, but after a certain point adding further structure will make little difference in prey 
survivorship (Ct/At asymptote reached), as long as the threshold value for Sp/Pr is not 
obtained. The hyperbolic Ct/At survivorship curve may reach an asymptote that is 
substantially less than 100 percent survivorship, so the prey may never achieve an “absolute” 
refuge from predation. For example, in experiment 4 the survivorship curve appeared to be 
approaching an asymptote of approximately 50 percent survivorship (fig. 9a), and the 
amphipods were only exposed for 75 minutes. Adding structure to a habitat can substantially 
increase prey survivorship if the threshold value for Sp/Pr is crossed. At Sp/Pr values that are 
low enough, prey can achieve a more absolute refuge from predation, because even if the 
predators can see the prey, they may not be able to fit through the habitat spaces to catch the 
prey. For example, the highest percent survivorship in experiment 4 was 42% in the highest 
cover treatment (Ct/At = 1.04). The highest cover treatment in experiment 1 was comparable 
to this (Ct/At = 0.99), and the cover in the medium cover, large fish treatment of experiment 
3 was less than this (Ct/At = 0.59) but both of these treatments had higher percent 
survivorship (80% and 6 8 %, respectively). This occurred because these treatments had lower
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Sp/Pr values (1.21 and 1.50, respectively) than the highest cover treatment in experiment 4
(Sp/Pr = 3.2).
This is an interesting prediction from this model: a habitat with greater amounts of 
cover may provide prey with worse refuge from predation than a habitat with less cover, if 
the habitat with less cover has Sp/Pr values that are below the threshold value, and the habitat 
with more cover does not. Habitats with appropriately low Sp/Pr values are more likely to 
provide an absolute refuge from predation than habitats with only high Ct/At values.
M y results appear to indicate that surface to volume ratios, volume of structures, 
biomass of structures, number of individual structures and density of individual structures are 
all poor predictors of prey survivorship when compared with Ct/At and Sp/Pr. I make this 
conclusion because there is no clearly observable pattern between any of these other habitat 
parameters (table 3) and prey survivorship in experiment 2. These habitat parameters have 
been used to measure habitat complexity and refuge value in past predator - prey studies, but 
I suggest that there may be no direct mechanism by which predator foraging ability should be 
directly affected by these parameters. Certainly prey survivorship would tend to increase 
when these habitat parameters increase, but I suggest that Ct/At and Sp/Pr may better predict 
responses in prey survivorship to structure. These other parameters may be very useful in 
situations where Ct/At and Sp/Pr are difficult to measure, however.
I was not able to separate the effects of Ct/At and total surface area. Habitats with 
high amounts of surface area would tend to have higher amounts of cover, and would also 
tend to have many small spaces that prey could hide in, and that predators could not 
maneuv er through. However, structure with higher surface areas may provide worse refuge 
for prey, because of numerous small gaps that may allow a predator to see through the
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structure (Stoner 1982). I feel that total surface area may be a good predictor of prey 
survivorship in some cases, because higher total surface area is usually associated with 
higher Ct/At values, and lower Sp/Pr values.
The results of the field experiment demonstrate that the average fish size increased 
throughout the year from May to November (fig. 1 la), that fish size increased with 
increasing water depth on the marsh surface (fig. 1 lb) and that different fish sizes did not 
utilize different S. altemiflora forms. The different S. altemiflora forms appeared to be 
different in complexity, and I confirmed that they were slightly different in average inter- 
structural space size. The distribution of fish sizes between the two S. altemiflora forms did 
not respond to this difference in space size, however. Dividing the median inter-structural 
space size of both forms by the largest width fish caught by Cicchetti (1998) gives us an 
estimate of Sp/Pr for the largest fish. The Sp/Pr for the tall form S. altemiflora is 4.2/1.4 = 3. 
and for the short form S. altemiflora is 3.3/1.4 = 2.4. This is not a large difference in terms of 
Sp/Pr, and when compared to the results of the third experiment (fig. 8a), these values are 
both on the lower plateau of Sp/Pr. Thus, I would not have expected to see any difference in 
Spartina form usage by large fish, and these field results are consistent with the lab results. 
The above Sp/Pr values are for the largest fish caught, and smaller fish would be even less 
affected by any difference in space size.
Vince et al. (1976) took cores of Spartina altemiflora from the low marsh (less 
dense) and the high marsh (more dense) of the Great Sippewissett marsh, Massachusetts into 
the laboratory. They found that the foraging efficiency of Fundulus heteroclitus feeding on 
the amphipod Orchestia grillus increased with increasing fish size in the low marsh 
treatment, but decreased slightly with increasing fish size in the high marsh treatment. It is
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possible that, unlike this experiment, Vince et al. (1976) had a large difference in inter- 
structural space size between the high and low marsh Spartina treatments, and as a result 
observed these different trends in foraging efficiency versus fish size between the treatments.
Measuring Sp/Pr was relatively simple in this field experiment, but in other habitats 
Sp/Pr and Ct/At may be very difficult to measure. These indices have other possible 
shortcomings as well. The effect that Sp/Pr has on prey survival may depend upon how 
structures are physically arranged in space. The tank experiments used uniformly spaced 
structures, for example, and my low complexity treatments provided uniformly poor refuges. 
Tanks having heterogeneous structural arrangements, with similar Sp/Pr values, could have 
produced better overall survival if  they provided a few small areas with excellent refuge 
values. Past research has shown that organisms actively choose good refuge areas within 
heterogeneous habitats (Bell and Westoby 1986), and that organisms may choose to stay in 
good refuge areas even when food is more abundant elsewhere (Pettersson and Bronmark 
1993. Dahlgren and Eggleston 2000). Researchers have also found that organisms compete 
for complex microhabitats (Coen et al. 1981, Buchheim and Hixon 1992), again 
demonstrating that prey organisms recognize and prefer complex habitats.
The effect that Sp/Pr has on prey survivorship may also depend upon how rigid and 
strong the structures are within the habitat. The relative flexibilities and strengths of 
structures may have important consequences for the survival of prey within a habitat (Coull 
and Wells 1983). Flexible or weak structures may allow predators to push aside, or break 
through the structure, thus gaining access to the prey. This would probably slow the progress 
of a predator, and the predator may have to expend extra energy to do this. Actively 
searching predators may stop feeding effectively before their movement is physically
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absolutely restricted by the structure if their energy lost in searching and pursuit is greater 
than their energy gain by prey capture (Glass 1971). Flexible or weak structures may not be 
able to halt a predator altogether, however, and as a result two habitats with identical Sp/Pr 
and Ct/At values may produce different survivorship patterns based on the relative rigidity 
and strength of their structures. This would limit a researcher’s ability to compare results 
between studies using these indices if the structures involved had very different flexibilities 
or strengths.
I conducted a separate experiment with these same tanks using F. heteroclitus as the 
predators, shrimp Paleomonetes spp. as prey, and flexible artificial seagrass (green 
polvpropolene ribbon) as the structure. Several treatments had Sp/Pr values that were below 
the threshold level, as determined by experiments 1-3 using rigid dowels as structure, but I 
assumed that since the ribbons were flexible the fish would be unaffected by the narrow 
Sp/Pr treatments. This assumption was incorrect, however, as treatments with space sizes 
below the threshold area exhibited substantially higher prey survivorship than treatments 
with identical Ct/At levels, but with larger Sp/Pr values (pers. obs.). The overall shape of the 
relationship between Sp/Pr and prey survivorship was a threshold, similar to fig 6 a. This 
experiment illustrated that Sp/Pr had the same qualitative effect on F. heteroclitus for both 
rigid and flexible habitat structures, although this was not the original purpose of the 
experiment.
Another possible shortcoming of these complexity indices is that they do not account 
for cryptic coloration of prey organisms, or for animals adapted to look like some aspect of 
the habitat they live in. This can also increase prey survivorship dramatically, and there are 
innumerable examples of the adaptive significance of being a cryptic prey. These complexity
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indices also do not account for physical or chemical defenses of the structure that may 
indirectly benefit the prey organism (Duffy and Hay 1991). Past indices of structural 
complexity as prey refuges have usually not accounted for the above factors either, although 
they can be of the utmost importance to prey survivorship.
Despite these shortcomings, these complexity indices may be useful for future 
ecological work, because they may allow quantitative comparison of results between studies. 
Our results and model support the past findings of other researchers working with various 
predator - prey - habitat systems, although these researchers measured “complexity” in 
various different ways. Main (1987) and Savino and Stein (1982) both demonstrated the 
importance of cover to prey species’ survival. They also illustrated that prey species may 
have adaptive behaviors that allow them to maximize the utility of the cover present within a 
habitat. Ryer (1988) found that the attack probabilities of large pipefish Syngnathus fitscus 
were affected by increased habitat complexity, whereas the rates of small S. fuscus were not 
affected. Ryer (1988) attributes this difference to the inability of large fish to fit their mouths 
into the small gaps produced by the wider, more complex, artificial seagrass leaves. Stoner 
(1982) observed that in very high density seagrass the pursuit and capture abilities of large, 
but not small, pinfish Lagodon rhomboides was inhibited by the structure. M y research 
supports the results of these studies, as I also demonstrate the importance of structural cover, 
and fish size relative to inter-structural space size.
Schulman (1996), Lipcius et al. (1998) and Graham et al. (1998) have found 
hyperbolic relationships of prey survivorship with increasing amounts of cover, and my 
results and model support their findings. Lipcius et al. (1998) found steeply hyperbolic 
survivorship curves for small and large Carribean spiny lobsters Panulirus argus with
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increasing algal biomass / m2. Similarly, Schulman (1996) found hyperbolic survivorship 
curves for large juvenile blue crabs Callinectes sapidus with increasing artificial seagrass 
densities. Graham et al. (1998), in an experiment remarkably similar to this study, found that 
amphipod survivorship increased in a hyperbolic manner with increasing artificial eelgrass 
densities when exposed to F. heteroclitus. Isaksson et al. (1994) found that increasing 
filamentous algae percent cover from 0% to 30-40% increased the survivorship of two 
decapods Crangon crangon and Carcinus maenas when exposed to cod Gadas morhua 
predators, but that further increasing the percent cover to 70-80% had no significant 
additional effect on survivorship. This survivorship pattern is consistent with my 
hypothesized hyperbolic relationship between total cover area per habitat area (Ct/At) and 
prey survivorship, as a sharp rise in survivorship occurred with the addition of cover to an 
open habitat, but further additions yielded diminishing returns in survivorship.
Gotceitas and Colgan (1989) and Coull and Wells (1983, see also sources within) 
found threshold relationships of complexity with predator foraging success and prey survival, 
respectively. The results of Heck and Thoman (1981) also support the threshold hypothesis.
In contrast. Nelson and Bonsdorff (1990) found a linear relationship between complexity and 
number of prey eaten. The results of Nelson and Bonsdorff (1990) may be masking an actual 
threshold relationship of complexity and number of prey eaten in their experiment, however 
(E. Bonsdorff pers. com.).
In Nelson and Bonsdorff (1990) fig. 3, one cannot distinguish between two different 
causes of prey survivorship in the lowest and medium complexity treatments, because they 
used more prey (15 fish) than the predators could eat (approximately 6.5 fish) within the 
experimental time period. Prey may or may not be surviving in the lowest complexity
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treatments due to predator satiation (predators will not eat more prey), and prey may or may 
not be surviving in the medium complexity treatments due to the physical structure 
(predators cannot catch more prey). If  the predators could have physiologically eaten all of 
the prey in the lowest complexity treatments, the mean number of prey eaten / tank for these 
treatments may have been higher, relative to the medium complexity treatments, and may 
have formed an upper plateau at these complexity levels. Mean number of prey eaten /  tank 
may then have dropped rapidly to the intermediate numbers of prey eaten / tank observed in 
the medium complexity treatments, where survivorship may have been due to the structure. 
Finally their results indicate a lower plateau of mean number of prey eaten /  tank with their 
most complex treatments (Nelson and Bonsdorff 1990, fig. 3). Overall, these hypothetical 
results would have produced a threshold relationship of complexity and mean number of prey 
eaten / tank. However, they could not have achieved an upper plateau of mean number of 
prey eaten / tank as they used too many prey fish, and thus could not have detected a 
threshold relationship if it had existed.
M y results, and my model of survivorship versus Sp/Pr support the threshold 
hypothesis, and the results of Gotceitas and Colgan (1989), Coull and Wells (1983) and other 
studies referred to within Coull and Wells (1983). I feel that structural habitat complexity 
thresholds should exist in nature with increasing Sp/Pr, and my laboratory results support this 
idea. M y results also support the idea that adding cover to a relatively open habitat may 
increase prey survivorship dramatically. Adding the same amount of cover to a habitat that 
already has adequate cover already may produce a negligible increase in prey survivorship, 
unless the added structure resulted in the Sp/Pr threshold being crossed.
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CHAPTER 3: COVER Q U A LITY : PREDICTED A N D  A C TU A L  
EFFECTS ON A PREDATOR’S FORAGING SUCCESS
(Portions of this chapter submitted to Mar. Ecol. Prog. Ser.)
Abstract
I tested the importance of cover quality to the foraging ability of large Fundiilus 
heteroclitus fish in tanks. Cover quality was measured as the average width of the individual 
structures within a tank divided by the width of the individual prey organism (Cw/Pw). This 
index is related to how visible a prey organism is when hiding behind individual structures. 
This complexity index is dimensionless, and potentially applicable to any habitat type and 
habitat scale. I predicted that prey survivorship should increase hyperbolically with 
increasing Cw/Pw. I arrived at this prediction by simulating a prey organism hiding behind a 
Hat structure and being viewed by a predator from all potential angles. In this simplified 
simulation the "average amount of the prey hidden from view” increased hyperbolically with 
increasing Cw/Pw to an asymptote of 0 .5 .1 then performed an experiment to test this idea. I 
kept the total amount of cover within the tanks (Ct/At) constant between treatments and 
varied the width of the individual structures relative to the width of shrimp prey 
Paleomonetes spp. I tested the null hypothesis that survivorship and treatment type were 
independent for this experiment using log-linear models. M y results failed to reject the null 
hypothesis, so the different cover quality treatments had no effect on prey survivorship. This 
result implies that cover quality may not be that important to prey survivorship, particularly 
for mobile prey like Paleomonetes spp.
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Introduction
Ecologists have long known that habitat structure often provides prey with refuges 
from predation in nature (Heck &  Wetstone, 1977, Heck &  Thoman, 1981, Orth et al., 1984). 
Unfortunately, ecologists have measured and reported a wide variety of habitat parameters as 
"complexity'’ which makes comparisons between studies difficult (Beck, 1998, Attrill et al.. 
2000). McCoy &  Bell (1991) state that “habitat structure” encompasses the absolute 
abundance of habitat structural components (complexity), the relative abundances of 
different habitat structural components (heterogeneity), and the scale used to measure these. 
Recent experiments examining habitat - faunal interactions have recognized the importance 
of measuring habitat parameters that are meaningful to the specific organisms of concern, or 
otherwise scaling the measurements to the organisms of interest (Beck, 1998, Attrill et al., 
2000). This chapter discusses an index of complexity that may be related to a predator’s 
foraging success: the size of the individual structures within a habitat relative to the size of 
the prey. This index incorporates the scale of the organism of concern in a meaningful way.
The cover quality of individual structures within a habitat, i.e. how large the 
structures are relative to the prey organism, may be important to prey survivorship. For 
example, imagine a habitat with 5 structures that are 1 unit wide, and another habitat that has 
1 structure that is 5 units wide. I f  there is a prey organism that is 1 unit wide it can, perhaps, 
effectively hide in both habitats, and its survivorship may be nearly equal in both habitats. If  
the prey organism is 5 units wide, however, it would always be at least partially visible in the 
habitat with narrow structures, but it could, perhaps, effectively hide behind the single, wider 
structure. Thus prey survivorship may differ between the habitats for the larger prey, but not 
the smaller.
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To address the issue of cover quality I devised the dimensionless index: cover width / 
prey width (Cw/Pw). The cover width is the average width of the individual structures, 
viewing the structures as shadows, and the prey width is the appropriate linear dimension of 
the organism, depending upon how it hides behind structure. For example, grass shrimp 
Paleomonetes spp. grip vertically-oriented, thin structures with their heads up or down (pers. 
obs.). Thus, the appropriate Pw to measure would be their width from side to side, as this is 
the dimension that would be revealed behind the structure, not their length from head to tail. 
Some amphipods, like Gammanis mucronatus, tend to grip long, thin structures from the 
side, with their paraeopods downward (pers. obs.), so the appropriate Pw to measure in this 
case would be the head to telson length.
I performed a simple simulation to determine how the “average amount of the prey 
hidden" varied with increasing Cw/Pw. I simulated an individual structure providing the 
cover as a line, and a prey organism hiding behind the structure as a circle tangent to the line 
at its mid point (fig. 4). The length of the line would be Cw, and the diameter of the circle 
would be Pw. The predator “seeing” the prey was modeled as parallel light rays striking the 
prey and cover. I rotated the predator 360 degrees around the prey and cover, and measured 
the "amount hidden” as the fraction of the prey’s total diameter that would be in the shadow 
of the structure, i.e. the fraction hidden from view. The “average amount hidden” for a given 
Cw/Pw is the average fraction of the prey hidden from view as the predator is rotated 360 
degrees around the prey (viewing the prey from all potential angles). I then performed this 
simulation for a variety of Cw/Pw ratios, and I found that:
The average amount of the prey hidden = [(Cw/Pw) /  (1 + Cw/Pw)] x 0.5 (equation 1)
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This is a hyperbolic relationship that has its asymptote at 0.5, i.e. at very large Cw/Pw values 
the predator is either on one side of the structure or the other, and has a 50 percent chance of 
seeing either the entire prey or none of the prey. I f  the total amount of the prey hidden is 
proportional to prey survivorship, then prey survivorship should increase hyperbolically with 
increasing Cw/Pw.
Different structural shapes may offer more or less protection to an individual prey 
relative to the Hat plane in this simulation. A  cylindrical structure of a given width, for 
example, would offer less protection than a flat plane of that width, as the prey would be at 
least partially visible from a greater number of angles. Alternatively, a curved structure that 
partially enclosed the prey would obviously offer more protection.
This simplistic model could also be complicated by prey behavior. If  prey do not hide 
directly behind individual structures, prey survivorship would be less dependent on Cw/Pw. 
Conversely, prey may actively track the position of predators, and may change their position 
accordingly, thus maximizing the amount of their body hidden behind a given structure 
(Main. 1987). The activity level of the prey must also be considered when applying this 
model. Relatively sedentary prey may rely more upon hiding behind individual structures for 
their survival than active prey, which may rely instead upon escape. Thus, Cw/Pw may 
become increasingly relevant to organisms as their comparative activity levels decline, and 
Cw/Pw may not be important to very active prey. In fact, wide structures may be 
disadvantageous to prey that rely upon active escape to avoid predation, as the wide 
structures may interfere with the prey’s ability to detect potential predators. For example, 
Lima (1992) found that Downy Woodpeckers Picoidespubescens exhibited increasing
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vigilance behavior as the width of the tree trunks that they foraged on increased. He also 
found that the woodpeckers preferred thin or medium width trunks over wide trunks, 
presumably because the wider trees interfered more with their ability to detect potential 
predators (Lima, 1992).
Cw/Pw may also not be relevant to prey that rely upon other methods of predation 
avoidance besides hiding behind structures (such as noxiousness, camouflage, mimicry, etc.). 
Cw/Pw may also not apply to fauna that do not hide behind structures, but instead hide by 
burying in sediments, for example. The presence of multiple predators, prey and structures 
within a given habitat would also complicate this simplistic model.
I tested the predicted relationships between Cw/Pw and prey survivorship in 
experimental tanks. Large Fitndulus heteroclitus were used as predators and shrimp 
Paleomonetes spp. were used as prey.
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Materials and methods
All experiments were conducted in the Glucksman Experimental Mesocosm lab at the 
Virginia Institute of Marine Science, which has flow-through water from the York River and 
climate control. The plastic tanks used for the experiments were 36 x 94 x 22 cm. They were 
filled, approximately 24 hours before experimentation, to a depth of 15 cm with York River 
water that was filtered through a 250 |am sieve to remove particles. The tanks had white 
paper taped to their sides, so that outside motions would not disturb the fish during the 
experiments, and had lids with an 8 x 8 cm opening for introducing prey and predators. The 
underside of the lids had ridged rubber mats secured to them to avoid the problem of shrimp 
jumping out of the water and sticking to the underside of the lid. The structural cover for both 
experiments was provided by 14 cm long, smooth, dark green ribbon, cut to the appropriate 
width, and secured to the bottom of the tanks with silicon aquarium adhesive. Each tank was 
randomly assigned a position in a row along a lab table between experimental runs. F. 
heteroclitus were collected with minnow traps from a Spartina altemiflora marsh adjacent to 
the York River, and were kept in a tank with flow-through water for approximately 0 to 7 
days before experimentation. The fish were fed live shrimp and live polychaetes while in 
captivity. I used two fish in each experimental run because in past tests a single fish did not 
consistently feed.
The habitat structural parameters for the six treatments are shown in table 11. The 
total amount of cover /  habitat area (Ct/At) in each treatment was constant, and the inter- 
structural space size /  predator body widths (Sp/Pr) are all greater than 2.2, which is the 
estimated “threshold” value for F. heteroclitus. Below this threshold, the movement of the
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Table 11 Structural parameters, predator (fish) body size measurements and prey (shrim p) body size measurements for the 
cover width / prey width (C w /P w ) experiment.
Com plexity treatment
1 i 3 4 5 6
Avg Inter-structural 
Space si/e Sp icm i
4 .0 4.5 5.4 6.6 9.2 11.7
Avg. fish opercular 
width: Pr (SE) (cm )
1.4 (0 .0 ) 1.4 (0 .0) 1.4 (0 .0 ) 1.4 (0 .0 ) 1.4 (0 .0 ) 1.4 (0.0)
Avg. Sp/Pr (SE) 2 .8 (0 .1 ) 3 .2 (0 .1 ) 3.8 (0 .1 ) 4 .7  (0 .1 ) 6.5 (0 .1 ) 8.2 (0 .1)
Number o f structures 176 132 88 53 26 11
Individual structure 
width: Cw icm i
0.15 0.20 0.30 0.50 1.00 2.40
Total cover area: Ct 370 370 370 371 364 370
Total cover area / Tank  
area: C t/A t
0.1 0.1 0.1 0.1 0.1 0.1
Avg. shrimp width: Pw 
icm ) (SE)
0.41 (0 .01) 0.41 (0 .01) 0.41 (0 .01) 0.41 (0 .01 ) 0.41 (0 .01) 0.40 (0 .01)
Structure width / Shrimp 
width Cw/Pw iS E i
0.37 (0 .01) 0 .4 9 (0 .0 1 ) 0 .7 5 (0 .0 1 ) 1 .2 5 (0 .0 2 ) 2 .5 0 (0 .0 3 ) 6.09 (0 .08)
"Average amount o f the 
prev hidden" i from eq. 1)
14*7 16'T 2157 28 f t 3657 4357
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fish may be hampered by the smaller spaces, but at values above the threshold I assumed that 
different Sp/Pr values had a negligible effect on predator maneuverability and prey 
survivorship. Experiments were conducted in June and July 2000.
Paleomonetes spp. were collected with a dip net from a S. altemiflora marsh adjacent 
to the York River, and held in a glass aquarium prior to experimentation. Shrimp were fed 
commercial flake food, and were fed and measured immediately before transfer to the tanks.
I measured the width of each shrimp’s carapace with calipers for Pw. I used fish > 8 cm in 
length for this experiment. Fish were starved for 38-40 hours before experimentation in a 
tank resembling the experimental tanks. The fish were randomly assigned to a treatment and 
transferred to small mesh bags suspended from the openings of the tanks for a half an hour 
before release. This allowed the fish to acclimate without eating the shrimp, which were 
added to the tanks immediately before the fish. The fish were then released to feed on the 
shnmp for approximately 4.5 hours. I used 5 shrimp and 4.5 hour exposure times in each run 
of this experiment because in preliminary tests large F. heteroclitus could eat 5 shrimp in 
tanks without any cover in approximately 4.5 hours. Thus any survivorship I observed in the 
treatments was probably due to the habitat structure, and not due to the fish being satiated. At 
the end of the exposure time the fish were removed from the tanks, their gill to gill widths 
were measured, and the surviving shrimp were recovered and counted. Note that shrimp 
routinely jumped out of the water and stuck to the inner sides of the tanks. These shrimp 
were not counted as “survived” or “eaten” for that treatment, and I would use 6 shrimp in a 
subsequent run of the same treatment to keep the total number of shrimp counted 
approximately equal between treatments.
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The survivorship results for all of the 18 experimental runs in each treatment were 
pooled, and I analyzed the results using log-linear modeling in SAS. In this analysis each 
shrimp is treated as a single replicate with the possible binomial response “survived” or 
"eaten". The null hypothesis was that prey survivorship is independent of Cw/Pw treatment 
t\pe. I also graphed the estimated first derivative of my survivorship and Cw/Pw results 
versus Cw/Pw to better examine the shape of the relationship between Cw/Pw and prey 
survivorship, similar to Lipcius et al. (1998).
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Results
Different numbers of shrimp were exposed to the predators due to the problem of 
shrimp jumping out of the water and sticking to the sides (table 12). This problem may have 
affected my results in unexpected ways, since shrimp that stuck to the sides and then went 
back into the water before the end of the experiment may have been counted as survivors. 
Some caution should be used when interpreting these results because of this problem. The 
percent survival data was arc-sine transformed to calculate the standard error, and then back 
transformed (table 12). The results of the log-linear model (table 13) fail to reject the null 
hypothesis that survivorship and treatment level are independent (p = 0.15). The graph of the 
results and the first derivative of the results (fig. 12a and 12b) indicate a slight peak of 
survivorship at intermediate Cw/Pw values, although again there is no significant difference 
between treatments.
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Table 12. Prey (shrimp) survivorship results for the cover width / prey width (Cw/Pw) experiment.
Com plexity treatment
1 2  3 4  5 6
# Survivors / Total # 2 6 /S 8  2 7 /9 0  3 5 /9 0  3 6 / 9 0  3 0 /9 2  21 /9 1
o f shrimp exposed
A \ g . '7 survivorship 30%  (7 % ) 30%  (7% ) 39%  (9 % ) 40%  (7 % ) 33%  (8 % ) 23%  (6% )
per run iSE)
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Table 13 Maximum likelihood log-linear model for the cover width / prey wtdth (Cw/Pw) experiment. The interaction
between treatment and survival tests the null hypothesis that these factors are independent, a significant result indicates non­
independence.
Source d f  Chi-Square Probability
Treatment 5 1.13 0.9510
Survival 1 65.03 0.0000
Treatm ent" Survival 5 8.17 0.1472
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Fig. 12. (a) Results of the cover width / prey width (Cw/Pw) experiment, error bars represent 
one standard error, (b) First derivative of 12a versus Cw/Pw.
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I found that increasing the width of individual structures relative to the width of 
shrimp prey (increasing Cw/Pw) while keeping Ct/Atconstant had no effect on shrimp 
survivorship. My simulation (fig. 4) predicted that shrimp survivorship should increase 
hvperbolically with increasing Cw/Pw, but the results did not support this model. In fact the 
trend was that the lowest survivorship was observed in the highest width treatment, 
suggesting that something other than the “amount of the prey hidden” behind an individual 
structure may have been important. The high Cw/Pw treatment had the lowest number of 
individual structures, and also the widest spaces between individual structures. Perhaps the 
lower survivorship in these treatments was due to the fish having fewer structures to search 
behind when looking for prey. Another possible explanation is if shrimp tried to move from 
structure to structure they would be more likely to be detected because of the wider spaces 
between structures. If  the latter is true, then this would be another reason that high space size 
(Sp) levels in habitats would be disadvantageous to prey. It is interesting that the highest 
survivorship occurred in the treatment with 0.5 cm width, having a Cw/Pw near I. This 
treatment had the highest number of individual structures available that the shrimp could be 
completely hidden behind at least part of the time. Again, however, the differences observed 
between treatments were not significant.
Others have found that prey hiding behind individual structures affects their 
survivorship (Main, 1987) and that the width of habitat structure, relative to prey size, had an 
effect on predator - prey interactions. Kenyon et al. (1995) demonstrated that a smaller 
proportion of prawn Panaeus escalentus were detected by a fish predator Psammoperca
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waigiensis in wide bladed seagrass Cymodocea serndata (10 mm width) as compared with 
the narrow bladed species Halodule uninervis (1 mm width) and Syringodium isoetifolium (2 
mm width). Proportion of prawns eaten was lower in C. serndata as well, although this 
difference was not significant. Kenyon et al. (1995) also found that different sized P. 
esculenius behaved differently in treatments with different seagrass widths. Small (1mm 
width) prawns were equally likely to perch on H. uninervis and C. serndata, as opposed to 
burying in the substrate. Larger (10 mm width) prawns were significantly less likely to perch 
on H. uninervis than on C. serndata, as opposed to burying in the substrate. Kenyon et al.
11995) note that H. uninervis provides a good refuge from visual predators only for small 
juveniles, whereas C. serndata provides a good refuge for both size classes. In another study. 
Kenyon et al. (1997) found that P. esculentus selected C. serndata over S. isoetifolium, 
which in turn was preferred over H. uninervis and shortened S. isoetifolium. Kenyon et al.
(1997) suggest that this active selection of habitat type may explain the distribution of P. 
esculentus in nature.
Stoner (1982) found that narrow Halodule wrightii blades provided less refuge than 
wider Thalassia testudinum blades for amphipods being preyed upon by the visual predator 
Lagodon rhomboides. This pattern appeared to be important in explaining the field 
distribution of amphipods as well, because epifaunal species and larger individuals of a given 
species were less abundant in H. wrightii beds compared with T. testudium beds (Stoner, 
1983).
I did not find any significant differences in prey survivorship due to differences in 
Cw/Pw for F. heteroclitus feeding on Paleomonetes spp. The results of this study may have 
been complicated by shrimp jumping out of the water, and by differences in the amount of
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open space between individual structures (different Sp/Pr) in the treatments. Overall, the lack 
of significant differences between treatments indicates that Cw/Pw is probably not as 
important to prey survivorship as Ct/At and Sp/Pr. This is particularly true for a mobile 
species like Paleomonetes spp. that exhibits a rapid escape response and is not solely reliant 
upon hiding behind cover to escape predation. Perhaps if  I had used a more sedentary prey 
species 1 would have found a stronger relationship between prey survivorship and Cw/Pw.
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CHAPTER 4: FACTORS AFFECTING  TH E FA U N A L C O LO N IZA T IO N  OF 
A R T IF IC IA L  SEAGRASS PLOTS IN  TH E YO R K  R IVER, V IR G IN IA : STRUCTURAL  
C O M P LE X ITY  A N D  W ATER FLOW  SPEED
(P o rtio n s  o f  this ch ap ter su bm itted  to E stu aries)
Abstract
I devised a new index of structural habitat complexity: the average inter-structural 
space size within a habitat divided by the width of the prey organism of concern (Sp/Py). I 
predict that prey survivorship should be low at Sp/Py < 1 as the prey will be effectively 
excluded from using the habitat as refuge (they cannot maneuver through the spaces). At 
Sp/Py values of 1 or slightly greater than 1, survivorship should be high, as the spaces in the 
habitat are ideal for the prey, and its predators are excluded (assuming the predators are 
larger than the prey). As Sp/Py increases, prey survivorship drops rapidly until reaching a 
lower plateau where no predators are excluded by the structure. Sp/Py is dimensionless, and 
is potentially applicable across all habitat types and scales. One prediction that arises from 
this model is that fauna of different sizes may respond differently to a given habitat based 
upon how large the spaces within the habitat are relative to the fauna’s body size.
I tested this prediction using artificial seagrass plots deployed in a seagrass bed. The 
plots had 5 different structural treatments: control (a base with no ribbon), low, medium and 
high densities, as well as a heterogeneous treatment (composed of 1/3 low, medium and high 
densities in a single treatment). I analyzed the abundance response of 2 different mobile 
faunal size classes (< 3.5 mm width “small” and 3.5 to 9.5 mm width “large”) to the different
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complexity treatments. I also tested whether increasing habitat heterogeneity would lead to 
increasing species richness in the heterogeneous treatments, due to the increased number of 
space sizes available.
I found that the abundance of the small fauna increased with increasing density, and 
that this response was proportional to the total surface area of the plots. The small fauna 
apparently did not respond to the smaller, "ideal” space sizes associated with the higher 
complexity plots. The abundance of smaller fauna also increased with increasing water flow 
speeds within the seagrass bed. Some of the small fauna species also appeared to increase in 
abundance with increasing amounts of detritus recovered with the plots. The large fauna 
responded differently to the different density treatments as well, and did not respond to the 
differences in water flow speeds. The larger fauna were most abundant in the heterogeneous 
and high complexity treatments, and unlike the small fauna they did not respond to the 
structure proportional to the surface area within the plots. Thus it is possible that they 
responded to the inter-structural space sizes appropriate to their body sizes, although the 
results certainly do not unambiguously support this. The different treatments did not affect 
species richness when the effect of faunal abundance on richness was controlled for.
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Introduction
Ecologists have long known that complex habitats serve as refuges from predation for 
many prey species (Heck and Wetstone 1977; Coull and Wells 1983; Orth et al. 1984). 
Unfortunately, ecologists have measured complexity in many different ways, which makes 
comparing results between studies difficult (Beck 1998; Lipcius et al., 1998). I proposed new 
dimensionless indices of structural habitat complexity that are potentially applicable across 
all habitat scales and types.
These new indices for structural habitat complexity are: the average inter-structural 
space size in the habitat (Sp) divided by the largest, linear dimension of the predator, 
perpendicular to the predator’s normal direction of motion, that would potentially limit its 
ability to fit through spaces (Pr); and the total area of the “cover” (similar to viewing the 
structure as a shadow) within the habitat (Ct), divided by the total area of the habitat (At). 
These indices attempt to directly measure how habitat structure interferes with a predator’s 
ability to find and capture prey. They do not account for certain properties of the structure, 
such as its color or shape relative to the prey species or any chemicals associated with the 
structure (Duffy and Hay 1991) that may be very important to prey survivorship. These 
indices also only attempt to measure habitat parameters that are important for predator - prey 
interactions: they may not be relevant to other habitat - faunal processes.
I predicted that prey survivorship should decrease in a sigmoid, “threshold” manner 
with increasing Sp/Pr, and that prey survivorship should increase in a hyperbolic manner 
w ith increasing Ct/At, and that both parameters should influence survivorship independently. 
In four laboratory experiments I demonstrated that the survivorship of mobile amphipods,
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when preyed upon by fish Fundulus heteroclitus, decreased sigmoidally with increasing 
Sp/Pr. increased hyperbolically with increasing Ct/At, and that both indices influenced prey 
survivorship independently (see chapter 2 ).
Other researchers have found similar results in past studies, although they all defined 
complexity differently. Gotceitas and Colgan (1989) found a threshold relationship between 
largemouth bass foraging success and artificial plant stem density. Coull and Wells (1983) 
also found a threshold relationship between meiofaunal prey survival and surface area to 
volume ratio of various structures. Graham et al. (1998) and Lipcius et al. (1998) found 
hyperbolic relationships between amphipod survivorship and artificial eelgrass density, and 
juvenile spiny lobster survivorship and algal biomass, respectively.
I propose another dimensionless index of structural complexity Sp/Py, which is 
similar to Sp/Pr, for use in situations where the size of the predator is not known, or there are 
multiple predator sizes. This index is the average size of the inter-structural spaces within the 
habitat (Sp) divided by the largest, linear dimension of the prey organism, perpendicular to 
its normal direction of motion, that would potentially limit its ability to fit through spaces 
( Py). Assuming that the predators are larger than the prey organism of interest I propose the 
following relationship between prey survivorship and Sp/Py (fig. 3). At Sp/Py values less 
than 1 (pan a) the spaces within the habitat are too small for the prey to fit through, the prey 
cannot use the inter-structural spaces as a refuge, and prey survivorship should be low. At 
Sp/Py values near 1 (part b) the spaces within the habitat are ideal for the prey because it can 
fit through the inter-structural spaces, but its predators cannot (assuming the predators are 
larger than the prey). As Sp/Py increases (part c) the number of predators able to fit through 
the spaces accumulates, the maneuverability of the individual predators increases, and prey
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survivorship decreases rapidly. At very large Sp/Py values (part d) all the potential predators 
can fit through the inter-structural spaces easily, and prey survivorship is low. This model 
predicts that inter-structural space size, relative to prey body size, may be important in 
determining the refuge value of a given habitat, and that one habitat may have different 
refuge values to different prey individuals, depending upon the sizes of the prey.
One prediction of this model is that prey species may respond differently to the same 
habitat, depending upon how large they are relative to the inter-structural space sizes within 
the habitat. Larger prey may be excluded from habitats with spaces that are too small for 
them, but that are ideal for smaller prey. If  predation is a limiting factor, smaller prey may be 
less abundant in habitats with spaces that are ideal for larger prey, because the space sizes 
may be too large to effectively exclude the predators of the smaller prey. A habitat 
containing different space sizes may attract prey of different sizes, and therefore have 
increased species richness relative to a habitat with a single space size.
O f course fauna may respond to many other habitat parameters in addition to, or 
instead of. space size. Fauna may respond to increased structure in a habitat due to the 
increased amounts of cover for them to hide behind. I f  predation is not a limiting factor, 
faunal abundance may increase with increasing structural surface area due to the associated 
greater food and living space resources (Heck and Wetstone 1977, Lewis 1984, Vimstein and 
Curran 1986). I tested whether fauna responded positively to space sizes that were “ideal” 
relative to their body sizes after controlling for the effect of structural surface area. I also 
tested whether increasing space size heterogeneity leads to increasing species richness, 
controlling for the effect of faunal abundance on species richness. I tested these ideas by
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examining the fauna that colonized different artificial seagrass treatments deployed in a 
Zostera marina bed in the York River, Virginia.
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Materials and methods
I constructed five types of artificial seagrass plots for this experiment. I first wove 
dark green curling ribbon between two wire screens with the desired opening sizes. I then 
submerged each screen, with the associated ribbon, into liquid concrete and allowed it to 
harden. I then cut the ribbon in half between the two ends, producing two individual plots. 
The concrete bases served as anchors, and held the ribbon strands in place. This method 
produced a regular pattern of strands imbedded in the concrete base, but the strands were not 
evenly spaced. The five types of plots were: control (just a concrete base), low, medium and 
high density treatments and a heterogeneous treatment. The heterogeneous treatment 
consisted of 1/3 each of low, medium and high density treatments in a single plot, which 
wore arranged like slices in a pie. The habitat parameters are shown in table 14. Note that due 
to difficulties during construction the high density treatments generally had slightly shorter 
ribbon lengths. Also note that I used slightly different ribbon widths between treatments and 
(accidentally) within the medium cover treatment. The bases were 132 mm in radius, were 
between 41 and 44 mm thick and had the plastic mold still attached to them when deployed.
I deployed the artificial plots in a seagrass bed in the York River a tributary of the 
Chesapeake Bay, Virginia at the mouth of Sarah’s Creek, a small inlet to the river 
(76°28'48”W , 37° 15’06”N ) (fig. 13). I divided the seagrass bed into 10m x 10m squares on a 
map. and randomly assigned artificial plots to positions within the bed. In the field, I located 
the pre-determined deployment area by measuring distance along, and from, the shoreline 
with a long transect line. All artificial plots were placed on relatively unvegetated spots
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Table 14. Habitat parameters for the 5 artificial seagrass plots. C t/A t is the total amount o f cover available in a given plot 




# blades C t/A t
Approx. Avg. Sp Space size Ribbon Avg. ribbon 
surf, area (m m ) range (m m ) width (m m ) length! mm) 
(m m : )  (range)
Control 0 n.a. n.a. n.a.
Lou 372.970 15.5 A ll: 6.5 190
(1 6 0 - 2 2 0 )
M edium 628 12.5 1.431.840 6.5 2 - 9 . 5 6 o f 9: 6.5 
3 o f 9: 5
190
(1 5 0 -2 3 0 )
High 2233 33.2 3.796.100 0.5 -  3.5 A ll: 5 170
(1 3 0 -2 0 0 )
Heterogeneous 1003 15.6 1.805.400 8 0.5 -  22 A ll: 5 180
1 3 0 -2 3 0 )
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Fig. 13. Map of the lower York River, Virginia. The location of the seagrass bed where I 
deployed my plots is indicated by the star.
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Gloucester Point .
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immediately adjacent to natural vegetation. I deployed 9 replicates of each treatment type for 
two I week time periods. One of the medium density treatments was found upside down after 
the first deployment period, and was not included in the experiment.
There was a water flow speed gradient within this seagrass bed, with lower speeds 
close to the mouth of Sarah’s Creek, and higher speeds further from the mouth. This flow 
speed gradient was due to increased wave exposure (pers. obs.), and also possibly due to 
increased tidal currents, far from Sarah’s Creek. This flow speed gradient was readily 
apparent in the field (pers. obs.), and the seagrass was generally patchier and less dense in the 
higher How speed portion of the bed, compared with the lower flow area, consistent with the 
results of Fonseca et al. (1983).
I verified this flow speed gradient by deploying 24 plaster of pans dissolution blocks 
systematically in the bed on June 28, 2000 .1 retrieved the blocks after 24 hrs in the field.
This day was neither particularly calm, nor particularly windy (pers. obs.), and tidal currents 
would not have been particularly swift or slow, so I considered it to be a typical day for water 
flow speeds. I constructed the dissolution blocks using regular plaster of paris (Evans 
adhesive corporation. Columbus, OH), following the instructions on the package for mixing, 
and the procedures of Thompson and Glenn (1994). I used ping pong ball molds, rather than 
ice cube trays, to form spherical blocks as recommended by Thompson and Glenn (1994). 
Each block was between 28.8g and 30.7g before deployment, and was allowed to harden 
around a piece of string running through the middle of the block. The string allowed me to tie 
each block to a stationary float in the field, and the blocks were suspended from floats 
approximately 40 cm above the sediment surface. I calculated integrated water speed
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according to Thompson and Glenn (1994) equation 11. Note that Thompson and Glenn 
(1994) used reagent grade plaster of paris so this equation may not be accurate for my blocks, 
since I used lower grade material.
1 deployed the artificial seagrass plots from June 10 to 17, and from June 21 to 28 
1999. This was before the significant seasonal sloughing off of Chesapaeke Bay Zostera 
marina shoots had occurred that year (pers. obs.). Past research has shown that allowing I 
week for faunal colonization of artificial seagrass plots is adequate (Stoner and Lewis 1985, 
Vimstein and Curran 1986). I deployed and collected each plot at or near low tide. Water 
depth ranged from approximately 0.3m at the shallower depths to approximately 1.5m at the 
deeper portions of the bed at low tide. I collected the plots by rapidly placing a bucket over 
the entire plot while it rested on the bottom, flipping the bucket right-side up under water, 
bringing the bucket rapidly to the surface, and then screwing a top on to the bucket. The 
bottom of each bucket was removed (and served as the concrete mold) and replaced with 0.5 
mm mesh screens. The fauna and detritus associated with the artificial seagrass and the 
contents of the buckets were very thoroughly rinsed onto a large 0.5 mm sieve, and were 
preserved in formalin. I measured the amount of detritus associated with each plot by 
volumetric displacement. The fauna was counted and identified to the lowest possible 
taxonomic level (usually species) in the lab. They were also assigned to 4 different size 
classes, based on the largest inter-structural space sizes of each treatment level (table 14). 
These size classes were: <  3.5 mm, 3.5 to 9.5 mm, 9.5 to 22 mm and > 22 mm. The 
organism’s width was usually measured, (since this may limit their ability to move through 
the spaces in the habitat), but with the crab species I measured the distance between the 
antero-lateral border and the postero-lateral border, since crabs walk sideways. Please note
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that I only counted and measured fauna that were potentially mobile, so I did not include 
strictly sedentary or attached fauna. I also did not include larval fish and decapods that I 
occasionally collected. I retrieved only 1 individual > 22 mm in width, and I recovered very 
few individuals 9.5 to 22 mm width, so I statistically analyzed just the < 3.5 mm and 3.5 to 
9.5 mm size groups (referred to as “small” and “large” fauna, respectively, in the following 
text), except for the species richness analyses which included all the fauna collected.
I tested for differences between complexity treatments in the abundances of small 
fauna and large fauna colonizers using ANCOVA. The factors were: treatment type and 
deployment date, and the covariate was distance from the mouth of Sarah’s Creek (SCdist). 
Water flow speeds generally increased with increasing SCdist (see results). All the small 
fauna abundances were transformed by raising them to the 0.48 power to meet the 
assumptions of ANCOVA. All the large fauna abundances were transformed by raising them 
to the 0.5 power to meet the assumptions of A N C O VA . These were the minimum 
transformations necessary to meet the assumptions. The transformed abundances were the 
responses for the two A NC O VA analyses.
I also subtracted out the abundance of the Caprellid amphipod Caprella penantis from 
the small fauna abundances for each plot and performed an A N C O V A  with this modified 
abundance as the response, SCdist as the covariate, and deployment date and treatment level 
as the factors. C. penantis was obviously more abundant in the high flow areas further from 
the mouth of Sarah's Creek (see results) and I wanted to determine if this species alone was 
driving the significant positive results I found between small fauna abundance and the 
covariate SCdist. (Small fauna abundance - C. penantis abundance) was natural log 
transformed to meet the assumptions of ANCOVA.
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To determine if the faunal abundances responded to the differences in space size, or 
simply to the differences in artificial seagrass surface area between the treatments, I divided 
the small fauna and large fauna abundances of each plot by the total surface area of the 
ribbons within that plot, similar to Stoner and Lewis (1985). I f  the fauna simply responded to 
the surface area of the plot, then there would be no difference between treatments for the 
response: faunal abundance /  surface area. I f  space size was important to the fauna, then I 
w ould expect to see differences in abundance /  surface area, with the higher values in the 
highest density treatments for small fauna, because the “ideal” space sizes afford the small 
fauna protection from predation. The large fauna may have the highest values of abundance / 
surface area in the medium or heterogeneous treatments if the highest density treatments are 
"too complex” and exclude them, and if the ideal space sizes in these treatments provide 
them with protection from predation. I tested these hypotheses separately for small and large 
fauna using A N C O VA , with treatment and deployment date as the factors, SCdist as the 
covariate and (abundance / treatment surface area) as the response. I did not include the 
control treatments in this analysis, since they had no artificial seagrass.
I examined patterns of faunal spatial distribution in the bed for species that were 
collected in at least 2/3 of all the plots (the “commonly occurring species”). This included 14 
species, many of which were also numerical dominants. I tested whether these fauna were 
significantly spatially “clumped” within the seagrass bed, while controlling for the effect of 
treatment type. I controlled for treatment type by assigning a value of “ 1” to the plot with the 
greatest abundance of a given species for a given complexity treatment. I then divided the 
abundances of that species in the other plots with the same treatment type by the highest 
abundance collected. I did this for both deployment dates. Any plot with a value of 0.8 or
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higher was classified as a “high density plot” . I then determined whether high density plots 
were significantly clumped within the seagrass bed. I did this by forming a priori multiple 
"links" between all the plots on a map as they were deployed in the seagrass bed at each date. 
Links w ere formed between each plot and its nearest neighbors. I then counted the number of 
links between “high density plots” relative to the total number of links formed, which can 
then be statistically compared to the expected number of links between high density plots if 
the high density plots were randomly distributed within the bed (C liff and Ord 1973). These 
results allowed me to further explore the abundance patterns I observed with SCdist.
Some of the commonly occurring species appeared to be more abundant in plots with 
higher amounts of detritus that had been collected along with the plots. Detritus may be 
important to fauna both as a food source and as a refuge from predation (Kitting 1984, Edgar 
1990a). If  the abundance of a commonly occurring species appeared to increase in plots with 
high associated detritus I tested this with A N C O VA . The factor was treatment type, the 
covariate w as volume of detritus collected with the plot, and the response was abundance of 
the particular species (transformed when necessary to meet the assumptions of ANCOVA).
I also tested the effect of the different treatments on species richness. Obviously I had 
to separate the treatment effect on abundance from the treatment effect on species richness. I 
did this by taking the log of the total faunal abundance and the log of the species richness for 
each plot. I then performed an A N C O VA , with date and treatment as factors, log(abundance 
of fauna) as the covariate, and log(species richness) as the response.
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Results
Overall, I collected at least 71 species of mobile fauna associated with my artificial 
seagrass plots. The ten most abundant species were: the amphipod Gammams mucronatus 
(44.802 ind.). the polychaete Neanthes succinea (5,441 ind., most were small, recent 
recruits), the amphipod Microprotopus raneyi (5,370 ind.), the amphipod Caprella penantis 
(5.116 ind.), the amphipod Corophium spp. (2,548 ind.), the amphipod Elasmopus levis 
(2.455 ind.), the amphipod Cytnadusa compta (1,395 ind.), the isopod Edotea triloba (1,279 
ind.) the gastropod Crepidula convexa (895 ind.) and Nemerteans (819 ind.). The “commonly 
occurring species" (collected in 2/3 of the plots or more) were: N. succinea (89/89 plots), G. 
mucronatus (87/89 plots), C. convexa (84/89 plots), E. triloba (81/89 plots), the gastropod 
Acteon punctostriatus (79/89 plots), Corophium spp. (79/89 plots), M. raneyi (73/89 plots), 
the decapod Paleomonetes vulgaris (73/89 plots), C. penantis (72/89 plots), the isopod Idotea 
baltica (65/89 plots), C. compta (63/89 plots), the amphipod Ampelisca spp. (61/89 plots), 
the polychaete Eteone heteropoda (60/89 plots), and the gastropod Diastoma varium (59/89 
plots).
The results of the A N C O V A  for small fauna abundances indicate a highly significant 
treatment effect and a highly significant effect of the covariate SCdist (table 15, fig. 14a and 
b). Tukey multiple comparisons between treatments revealed that control = low < medium < 
heterogeneous < high. Note that there is a significant interaction between deployment date 
and treatment. This is probably because the relative position of the medium complexity 
treatment changed between deployment dates (fig. 14a and b). One of the individual 
regression lines did not meet the A N C O V A  assumption of normality, even after
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Table 15. ANCOVA results for small fauna abundance. Deployment date and complexity treatment are the factors, and
distance from the mouth o f Sarah's Creek is the covariate.
Source d f SS M S F Probability
S Creek dist 1 1413.47 1413.47 66.25 < 0 .0 0 0 5
Date 1 17.52 17.52 0.82 0.368
Treatment 4 8666.38 2166.59 101.55 < 0 .0 0 0 5
Date * Treatment 4 235.10 58.77 2.75 0.034
Error 78 1664.10 21.33
Total 88
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Fig. 14. Transformed small fauna abundance versus distance from the mouth of Sarah’s 
Creek for (a) the first deployment period, and (b) the second deployment period.
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transformation. Underwood (1997) refers to normal distribution for each regression as a 
"ueak assumption”  that is "less important” than the others, however.
The results of the A N C O VA  with C. penantis abundance subtracted from total small 
fauna abundance still had a highly significant effect of the covariate SCdist, and had a highly 
significant treatment effect (table 16. fig. 15a and b). Thus the abundance of C. penantis was 
not solely responsible for the significance of SCdist in the small fauna total abundance 
analysis. Tukey multiple comparisons between treatments revealed that control < low < 
medium < heterogeneous < high.
The results of the A N C O VA  after dividing the small fauna abundance by the total 
surface area o f the plot they were collected in revealed that the covariate SCdist was 
significant. (DF = 1, F = 42.06. p < 0.0005), but that the factors date, treatment and their 
interaction were all not significant (date: DF = 1, F = 0.71, p = 0.403, treatment: DF = 3, F = 
2.OS. p = 0.112; interaction: DF = 3, F = 1.85, p = 0.147). Note that one of the individual 
regression lines did not meet the ANC O VA assumption of normality.
The results of the A N C O VA  for large fauna abundance indicate no significant effect 
o f SCdist, a significant treatment effect, and a significant increase in the number of large 
fauna collected from the first to the second deployment (table 17, fig. 16). The results of 
Tukev's m ultip le comparisons between treatments are indicated by the bars under the 
treatment labels in fig. 16. The results of the A N C O V A  for large fauna after dividing the 
abundances by the surface area of the treatments they were collected in revealed a significant 
effect o f date (DF = 1, F = 5.30, p = 0.025), and treatment (DF = 3, F = 15.09, p < 0.0005) 
and no significant interaction between these factors (DF = 3, F = 0.83, p =  0.482). The
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Table 16. ANCOVA results for small fauna abundance after the abundance o f Caprella penantis has been subtracted out.
Deplo> ment date and complexity treatment are the factors, and distance from the mouth o f Sarah’s Creek is the covariate
Source d f SS \1S  F Probability
S Creek dist. 1 5.463 5.463 32.18 < 0 .0 0 0 5
Date 1 0.254 0.254 1.49 0.225
Treatment 4 124.657 31.164 183.56 < 0 .0 0 0 5
Date • Treatment 4 1.120 0.280 1.65 0.171
Error 7S 13.242 0.170
Total 88
9 9
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Fig. 15. Natural log transformed small fauna abundance (without including Caprella penantis 
abundance) versus distance from the mouth of Sarah’s Creek for (a) the first deployment 
period, and (b) the second deployment period.
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Table 17. A N C O V A  results for the large fauna. Deploym ent date and complexity treatment are the factors, and distance
from the mouth o f Sarah's Creek is the covariate.
Source d f SS M S  F  Probability
S Creek d;st. 1 1.243 1.243 2.00 0.161
Date 1 16.299 16.299 26.26 < 0 .0 0 0 5
Treatment 4 80.501 20.125 32.42 < 0 .0 0 0 5
Date * Treatment 4 3.006 0.751 1.21 0.313
Error 78 48 .420 0.621
Total 88
101
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fig. 16. Transformed large fauna abundance versus treatment type. Error bars represent 1 
standard error. The results of Tukey’s multiple comparisons between complexity treatments 
are shown as bars beneath the treatment labels. Treatments sharing a bar are not significantly
different.
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covariate SCdist was also not significant (DF = 1, F = 0.52, p = 0.473). Tukey’s multiple 
comparisons revealed that high = mixed = medium < low.
The results of the integrated water flow speed measurements are shown in fig. 17. 
Overall, this map shows that higher flow speeds were generally found further from the mouth 
of Sarah’s Creek, with most of the highest speeds recorded occurring furthest from the 
mouth. The exception to this trend was an area of very low flow speed in the narrow part of 
the bed from 350 -  400m from the mouth (fig. 17). This relatively small area was not 
randomly assigned many plots during the experiment (4 total) so in general my results would 
reflect an increasing water speed gradient with increasing SCdist.
The results of the clumping analysis are shown in table 18. Comparing the areas in 
which fauna were clumped with the locations of the high flow speeds (fig. 17) I found that G. 
mucronatus, N. succinea and C. penantis, which were 3 of the 4 most abundant species, 
tended to clump in areas with high integrated water speeds; /. baltica also clumped in these 
areas, although its overall abundance was low. Ampelisca spp. and P. vulgaris, which had 
low abundances, clumped in an area of low water flow.
Several of the commonly occurring species, on first inspection, appeared to have 
increased abundances in plots with relatively high amounts of detritus, and were examined 
further. These species were: E. triloba, /. baltica, N. succinea, G. mucronatus, M. ranevi and 
Corophium spp. O f these species, the covariate “volume of detritus” in deployment 2 (the 
assumptions of A N C O V A  could not be met for deployment 1) was significant for: E. triloba
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Fig. 17. A schematic of the seagrass bed used for this study. The dashed lines represent the 
approximate boundaries of the seagrass bed. The shoreline at low tide is at 0 m from shore. 
The circles are the approximate locations where chalk blocks were deployed to measure 
integrated water speeds. The values associated with each circle were computed from 
Thompson and Glenn (1994) equation 11. Note that the mouth of Sarah’s Creek is at the right 
side of this figure, and that the seagrass bed continues beyond the side borders of this 
schematic.
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Table IS. Results o f the spatial auto-correlation test for faunal distributions w ith in  the seagrass bed. I determined which 
plots had high densities o f  a given species relative to other plots o f the same com plexity treatment type. I performed a spatial 
auto-correlation test tor the fauna that occurred in 2/3 or more o f all the plots. A  significant result indicates that the “high 
densits " plots were significantly clumped relative to a random distribution w ithin the bed. I f  significant clumping occurred.





Description o f abundance, and clump location (see fig. 17)
Acteon purtctostriatus n.s. n.s. n.a.
Ampelisca spp. p =  0.02 n.s. Very low abundances overall (avg. 2.4 /  plot). 20 -110  m from  
mouth. 40 -100  m from  shore
( 'aprella penantis p = 0.02 p =  0.1 Very high abundances far from  the mouth o f  S. Creek, (avg. 
226.9 /  plot >  400  m from  mouth) very low abundances 
elsewhere in bed (avg. 5.1 /  plot <  400 m from  mouth), 430 -  
500 m from  mouth. 40  -1 1 0  from shore for deployment 1. 
(high abundance plots for deployment 2 were almost exactly 
in the same location, but not quite significantly clumped)
( oraphium  spp. n.s. n.s. n.a.
Crepidula convexa p =  0.047 n.s. Low abundances overall (avg. 10.2 /  plot). 0 -110  m from  
mouth. 0 -80  m from  shore
( \m a d tts a  compia n.s. n.s. n.a.
Diastom a variant n.s. n.s. n.a.
Edolea triloba n.s. n.s. n.a.
Eteone heteropoda n.s. n.s. n.a.
t iammartts mucronatus n.s. p =  0 .W Very high abundances overall (avg. 503.4 /  plot), 2 2 0 -2 6 0  m 
and 4 5 0 -5 0 0  m from mouth. 10-70 m and 30 -50  m from  
shore, respectively (deploym ent 1 high abundance plots were 
generally in the same location as the deployment 2 high 
abundance plots, but not significantly clumped)
Idotea balnea n.s. p =  0.003 Low abundances overall (avg. 3.7 /  plot), 460  -5 0 0  m from  
mouth. 30-50 m  from  shore
Microprotopus ranexi n.s. n.s. n .x
Seanthes succinea n.s. p =  0 .016 High abundances overall (avg. 6 1 . 1 /  plot). 43 0 -48 0  m and 
200 -  310 from  mouth. 3 0 -1 1 0  m and 10-20m  from  shore, 
respectively, (most deploym ent 1 high abundance plots were 
in the same general area as the deployment 2 high abundance 
plots, but not significantly clumped)
I'aleomonetes vtdvarts p = 0 .006 n.s. Low abundances overall (avg. 6 .3 /  plot). 30 -110  m from  
mouth. 50 -100 m from  shore
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(DF = 1, F = 50.12, p <0.0005), I. baltica (D F = I, F = 4.84, p = 0.03) and N. succinea (DF  
= I . F = 24.10, p < 0.0005). In order to meet the assumptions of A N C O VA  the E. triloba 
abundances were raised to the 0 .6 6  power, and the /. baltica abundances were raised to the 
0.5 power. An individual regression for E. triloba did not meet the AN C O VA  assumption of 
normality. Plots with large amounts of associated detritus tended to occur in the high water 
speed areas > 400m from the mouth of Sarah’s Creek (pers. obs.). /. baltica and N. succinea 
were associated both with this high flow speed area, and with plots containing high amounts 
o f detritus, so it is unclear which of these factors may be influencing their abundance. Almost 
all o f the .V. succinea collected were relatively small individuals, and were probably recent 
recruits, so they may have had higher larval flux in the high flow areas, with greater overall 
settlement in these areas. N. succinea were also often found intimately associated with the 
seagrass detritus when processing the samples (pers. obs.).
The abundance versus species richness curves exhibited typical hyperbolic 
relationships. The equation describing the relationship between number of mobile species 
found in a plot (richness) and the abundance of mobile species found in a plot (abundance) 
for the first deployment is: richness = (24.19 x abundance) /  (68.04 + abundance) (both 
coefficients are highly significant, p < 0.0001, adjusted R2 = 0.59). The relationship for the 
second deployment reached a slightly higher richness asymptote than the first deployment, 
the equation describing that relationship is: richness = (31.48 x abundance) /  (67.32 + 
abundance) (both coefficients are highly significant, p < 0.0001, adjusted R2 = 0.75). Note 
that for both o f these equations the results from ail the plots were pooled without accounting 
for treatment differences, since species richness was not different between treatments when 
total abundance was controlled for (see below). The log(abundance) versus log(richness)
106
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
results for the first deployment did not meet the assumptions of A N O V A , because 3 of the 5 
individual regressions exhibited significant heteroscadacity. It appears that there is no 
significant difference in log(richness) due to treatment for the first deployment, however (fig 
ISa). except for the possibility of slightly lower richness in the control treatments. The 
deployment 2 data (fig. 18b) met the assumptions of A N C O V A , and there was no difference 
due to treatment, and a highly significant effect of the covariate log(abundance) (table 19).
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Fig. IS. Log(species richness) versus log(abundance) for (a) the first deployment period, and 
(b) the second deployment period.
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Table 19. Results o f  the A N C O V A  for log(plot species richness) for the second deployment. Com plexity treatment is the 
factor, and logt plot faunal abundance) is the covariate. I could not perform an A N C O V A  for the first deployment because 
the data violated the assumptions o f  A N C O V A .
Source d f SS M S F Probability
Loci abundance I 1 0.108737 0.108737 36.97 < 0 .0 0 0 5
Treatment 4 0.017139 0.004285 1.46 0.234
lirror 39 0.114723 0.002942
Total 44
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Discussion
I found a significant positive effect of increasing habitat structure for small faunal 
abundances. This was simply due to the increasing surface area of the higher density 
treatments, as there was no difference in abundance between treatments when plot surface 
area was controlled for. Therefore, the smaller space sizes associated with the higher density 
treatments did not appear to influence small fauna abundances. For large fauna there was a 
slightly different pattern of abundance. The highest abundances were found in the 
heterogeneous treatment, although these plots did not have significantly higher abundances 
than the high density treatments. The low density treatment had significantly higher large 
fauna abundance divided by the surface area of the treatments. These results suggest that the 
large fauna did not just respond to the surface area within the plots, and that treatments with 
larger space sizes, that are “ideal” relative to the body size of the larger fauna, may have 
encouraged colonization of these plots. The pattern of large fauna colonization is not clear 
enough to assert that Sp/Py was important, however. Furthermore, the highest density 
treatments, with Sp/Py < 1 for large fauna, certainly were not “too complex” such that these 
treatments excluded them. For example, I regularly found large blue crabs Callinectes 
supidus resting on top of the high density treatments, having pushed the blades aside (pers. 
obs.).
The species richness of the fauna increased in a typical hyperbolic manner with 
increasing faunal abundance, but there was no treatment effect on species richness 
independent of faunal abundance. Thus, the increased variety of spaces available in the 
heterogeneous plot failed to increase mobile species richness.
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The small fauna did increase significantly with the covariate “distance from the 
mouth of Sarah’s Creek”. The most likely explanation for this is that they responded to a 
\anety of factors directly or indirectly related to increased water flow speeds far from the 
mouth of Sarah's Creek (fig. 17). This response was most obvious for C. penantis, a caprellid 
umphipod. Caprellids in general, and this species in particular, have been shown to respond 
to energy gradients (Takeuchi et al. 1987). C. penantis both filter feeds and feeds from 
nncrofiora. microfauna and detritus that it scrapes off surfaces (Caine 1974). C. penantis may 
directly benefit from increased water flow speeds due to the associated increased food fluxes, 
which may lead to higher growth rates (Sanford et al. 1994).
C. penantis obviously increased in abundance with increasing SCdist (table 18), but 
my analysis with C. penantis abundance subtracted from the small fauna abundance revealed 
that it w as not the only species driving the significance of this covariate. Several other 
common species appeared to have relatively high abundance clumps far from the mouth of 
Sarah’s Creek (table 18). O f these, my analyses demonstrated that N. succinea and I. baltica 
may have responded, at least in part, to the large amounts of detritus trapped by some of the 
plots deployed far from Sarah’s Creek. The detritus may have served as a transport 
mechanism similar to drifting algal mats (Holmquist 1994, Bostrom and Bonsdorff 2000). 
Alternatively, N. succinea may have settled on the plots directly from the plankton, and the 
higher flow rates far from Sarah’s Creek may have caused them to have higher encounter 
rates w ith the plots, leading to the observed higher densities. This seems probable for N. 
.succinea, since most of the individuals counted were newly settled.
G. mucronatus, by far the numerical dominant in this study, did not seem to be 
associated with increased detritus, but was still associated with high flow speed areas. G.
i l l
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mucronatus is a grazer that feeds on microalgae, macroalgae and detritus (Zimmerman et al. 
1979. Duffy et al. in press). Past studies have shown that microalgae can colonize artificial 
seagrass quickly (Van Montfrans et al. 1982, Vimstein and Curran 1986). Studies have also 
shown that epibenthic diatoms, like those attached to seagrass blades, may grow more 
quickly and have faster biomass accumulation rates in faster flow regimes due to increased 
nutrient transfer rates (Biggs et al. 1998). Perhaps there were greater food resources in the 
high flow area of the seagrass bed, and the fauna, which consisted mostly of grazers like G. 
mucronatus, responded to this. If  grazer abundance was responding to increased food 
resources it suggests that these fauna may have been food limited rather than predator limited 
in this experiment.
Food limitation may also explain why the small fauna increased with increasing 
density proportional to the surface area of the structure. Presumably the amount of attached 
diatoms which the grazers eat increased with the amount of available surface area. The 
results of Edgar (1990b, 1993) and Edgar and Aoki (1993) are consistent with the hypothesis 
of food limitation, not predation limitation, for mobile grazers. In Chesapeake Bay seagrass 
beds Duffy and Harvilicz (submitted) suggest that small crustacean grazers are food resource 
limited, rather than predator limited. This contrasts with studies conducted elsewhere that 
have demonstrated or suggested that faunal abundance in seagrass beds is predator limited 
(Young et al. 1976, Heck and Wetstone and sources therein 1977, Stoner 1982, Edgar 1983, 
Vimstein and Curran 1986). These studies may have been conducted at sites with higher 
levels of predation pressure than the Chesapeake Bay, however (Duffy and Harvilicz 
submitted).
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If  small fauna abundance was limited by predators in this study, then they may be 
responding to the increased cover (which was directly proportional to the plot surface area) 
available for them to hide behind. The results of Fredette and Diaz (1986) suggest that 
predators may be limiting to certain species for parts of the year in Chesapeake Bay. They 
found that G. mucronatus abundance in seagrass beds peaked in June (when my plots were 
deployed) and declined precipitously afterwards. They cautiously attribute this decline to the 
appearance of migratory fish predators into the Chesapeake Bay at this time (Fredette and 
Diaz 1986). Duffy et al. (in press) observed a similar pattern for G. mucronatus, and found 
that other grazer species increased in abundance as G. mucronatus declined. This increase 
may be due to competitive release, since these grazers utilize similar food resources (Duffy et 
al. in press). Duffy and Harvilicz (submitted) demonstrated inter-specific competition for 
food in mesocosms with grazer densities comparable to field densities in Chesapeake Bay. 
During the time period in which I deployed my plots, predation may not yet have been 
limiting for G. mucronatus, or any other species.
There are several other possible explanations for why the small fauna had increased 
densities in the high flow area of the seagrass bed. The artificial plots I deployed may be 
more complex, relative to the surrounding natural grass, in the sparser, more patchy high- 
flow area than in the denser, higher percent cover, low-flow area of the seagrass bed. Thus 
the fauna may have been more inclined to choose my artificial plots in the high flow areas 
relative to the low flow areas, leading to greater densities there (Bell and Westoby 1986). 
Alternatively, there may be less predation pressure in patchy seagrass habitats, like the high 
(low speed pan of my bed, compared with continuous beds. For example. Hovel (1999) 
found significantly higher survivorship of juvenile blue crabs Callinectes sapidus tethered in
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fragmented seagrass habitats compared to continuous beds in the York River, Virginia, and 
he has found similar results for crabs tethered in North Carolina and California seagrass beds 
as well (K. Hovel pers. com.).
Unlike the small fauna, the large fauna did not increase simply in proportion to the 
surface area available in each plot, because the low density treatment had significantly higher 
abundance / ribbon surface area. Large fauna were found in the highest absolute abundances 
in the heterogeneous complexity treatment, which has spaces appropriate to their body size, 
and the second highest amount of cover (table 14). These results indicate that the large fauna 
were not responding simply to the amount of surface area or cover available in the plots, but 
the results do not clearly demonstrate that space sizes appropriate to the large fauna body 
sizes (Sp/Py) contributed in any way to their abundance pattern.
Other studies have found more compelling links between Sp/Py and faunal responses. 
These studies support the idea that space size, relative to prey body size, can be important for 
a variety of organisms inhabiting both flexible and rigid habitat structures. Pihl et al. (1995) 
noted that increased structure (more filamentous algae) in a seagrass bed decreased macro- 
epifaunal biomass, because the added structure made the habitat “too complex” for the 
species normally inhabiting that area. In another study, Pihl et al. (1996) suggested that 
increasing filamentous algae in seagrass beds may shift complexity levels in favor of 
meiofauna and microfauna at the expense of macrofauna. Hacker and Steneck (1990) 
demonstrated that the amphipod Gammarellus angulosus is sensitive to the space sizes within 
macroulgae. and that they appear to prefer space sizes that match their body size and are not 
too small. Moksnes et al. (1998) found that juvenile shore crabs Carcinus maenas survived 
well in ephemeral macroalgae in the lab when exposed to the predaceous shrimp Crangon
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crangon, but that survivorship differed between macroalgal species. Survivorship peaked in 
algae of medium complexity, with spaces that the crabs could fit through and which the 
predators could not fit, but was lower in foliose and finely filamentous algae. The finely 
filamentous algae was too complex, with space sizes that were too small for the crabs to fit 
through, and the foliose algae had inter-structural space sizes that were apparently too large 
to effectively exclude the predators (Moksnes et al. 1998). Nemeth (1998) investigated the 
survivorship of juvenile bicolor damselfish Stegastes partitus residing on Montastrea 
annularis and Poriies porites coral. He plotted fish survivorship versus average crevice area 
of the coral, and if you examine his results without separating them by coral species, there is 
clearly a decreasing threshold relationship between crevice area (proportional to Sp) and prey 
survivorship (Nemeth 1998, fig. 3a and 4a).
Other researchers have found relationships between prey species’ size and space sizes 
as well. Steger (1987) found a positive relationship between coral rubble cavity volume and 
the size of the stomatopods residing within the cavities, and Duffy (1992) found similar 
results for shrimp residing in sponges. Friedlander and Parrish (1998) found that the average 
size of coral reef fish within an assemblage was positively correlated with the average coral 
reef hole volume of the adjacent reef. Hixon and Beets (1989, 1993) performed two 
expertments with artificial reefs demonstrating the importance of fish size and space size. In 
one they varied the number of large spaces available, and they found that the number of large 
fish increased with increasing availability. In the other, they had equal numbers of spaces, 
but two different space sizes. Large fish were more abundant in the large space size 
treatment, and small fish were less abundant in these treatments, presumably because of the 
increased number of large piscivores (Hixon and Beets 1989). These results are similar to
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those of Nemeth (1998) who found that adding large holes to artificial reefs increased the 
abundance of piscivores on the reefs, and decreased prey fish abundances.
The results of these studies support the idea that space size, relative to prey body size, 
may be important to consider when assessing the refuge value of a given habitat. The Sp/Py 
index I propose may be useful to researchers by allowing them to compare results between 
different studies, since this index is potentially, although not necessarily easily, applicable 
across all habitat scales and types. This index also has potential shortcomings as well, 
including some similar to the shortcomings of the Sp/Pr index, which must be considered. 
Prey species are less likely to respond to space size relative to their body size if  predation is 
not a dominant factor controlling their abundance, which seems to have been the case in this 
experiment. Similar to Sp/Pr. this index does not take into account the distribution of the 
structures within the habitat (whether structures are heterogeneously arranged or not), the 
relative stiffness or fragility of the structures, the colors and textures of the structures and any 
chemical or physical defenses provided by the structures. Despite these shortcomings, I feel 
that this index may be useful, both conceptually and practically, to researchers interested in 
predator - prey - habitat interactions. I feel that this index may be particularly useful to 
researchers that are interested in constructing “ideally complex” habitats for a particular prey 
species, or to those that are interested in modifying a natural habitat for a target species.
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CHAPTER 5: GENERAL CONCLUSIONS A N D  A  PRACTICAL APPLICATIO N
I devised four new indices of structural habitat complexity for use when investigating 
predator - prey - habitat structure interactions. The indices are: (1) Ct/At, the amount of 
structural cover available in a given area for prey to hide behind, (2) Cw/Pw, the average 
u idth of the individual structures within a habitat divided by the width of the prey, (3) Sp/Pr, 
the average size of the inter-structural spaces in a habitat divided by the size of the predator 
and (4) Sp/Py, the average size of the inter-structural spaces in a habitat divided by the size 
of the prey, which is similar to Sp/Pr, but can be used when the size of the predators is not 
known, or is variable.
The indices I proposed are all dimensionless, so they can potentially be used at any 
habitat scale. Since these indices are dimensionless, one can also compare the results of 
predator - prey - habitat studies conducted at different scales (to compare whether fish 
predators of different sizes respond similarly to habitat structure for example).
These indices are potentially applicable to a wide variety of habitat types, since they 
measure parameters that any habitat with structure will contain: structural cover area (Ct), 
cover width (Cw) and inter-structural space size (Sp), combined with a relatively simple 
predator or prey body size measurement (Pr, Py or Pw). These indices would potentially 
allow researchers to compare a predator’s foraging efficiency in two different habitat types, 
for example, while controlling for the effect of habitat structure between treatments.
I found that prey survivorship increased hyperbolically with increasing Ct/At, as 
predicted. I found that prey survivorship decreased sigmoidally with increasing Sp/Pr as 
predicted. I found no effect of increasing Cw/Pw on prey survivorship. I  also found that
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differences in the density of artificial structures deployed in a seagrass bed affected their 
colonization by macrofauna, but the colonization pattern did not support the idea that 
differences in inter-structural space size relative to the colonizer’s body size (Sp/Py) affected 
the fauna. Perhaps I would have seen an effect of space size relative to prey body size if  the 
structures I employed were not as flexible as the ribbons employed in my field experiment. 
The flexibility of the ribbons allowed large fauna to push aside the individual blades and rest 
on top of. and amongst, the blades. A stiffer structure might not have allowed this behavior, 
and may have actually excluded fauna that were larger than the space sizes in the treatments. 
Increasing water flow speeds within the seagrass bed positively affected the abundance of the 
small fauna in this experiment. There are several probable explanations for this result, 
including increased food levels, increased food fluxes, increased settlement due to higher 
larval encounter rates and increased levels of detritus in the high flow areas.
These new indices are designed to make an explicit link between the way in which 
structure interferes with a predator's foraging ability and the habitat parameter used to 
measure complexity. Past indices of complexity quantified some part of the habitat of 
interest, but rarely explained why and how the parameter employed should interfere with a 
predator's foraging ability. Obviously habitat structure can play other important ecological 
roles besides interfering with a predator’s foraging ability, and these new indices probably 
will not be useful if  applied to different ecological processes involving structure. In my field 
experiment, for example, the small grazing fauna appeared to respond positively to the 
surface area provided by the blades, potentially because a greater surface area led to higher 
attached food resources, and these fauna may have been food limited, not predation limited.
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Except for Ct/At, these indices of complexity incorporate the scale of the organism 
into the indices in a meaningful way. It is intuitive that the same habitat may have different 
refuge values, or may affect predators differently, based upon how large the organism of 
concern is. These indices account for this phenomenon by scaling the size of the habitat 
structure to the size of the organism itself. It is important to do this, because viewing habitats 
from a human perspective can give us a wrong impression of what is “complex” for a given 
organism. In the past, ecologists have largely dealt with this phenomenon by measuring 
habitat parameters at a scale that they supposed was important to an organism, and by 
ignoring elements of a habitat that they supposed were unimportant at that scale. These 
indices allow us to measure complexity by the organisms’ standards, and may be helpful in 
addressing practical ecological problems.
O f course these indices may be more applicable in certain habitats or ecological 
conditions when compared with other habitats or conditions. Ct/At is most applicable to 
visual predators, although cover may also interfere with the foraging success of tactile 
predators and predators utilizing echolocation. Cover may also disrupt auditory and pressure 
wave cues that some predators use to locate prey. Structure may also interfere with predators 
that locate prey using chemical cues carried in air and water by producing turbulent flow 
which dilutes the chemical signal below the sensory capabilities of the predator (Weissburg 
and Zimmer-Faust, 1993). Alternatively, structure may increase the foraging efficiency of 
chemosensory predators by increasing the number of odor plumes downstream from the 
structures, increasing the likelihood of plume encounter by predators (Finelli, 2000). Ct/At is 
also most applicable to actively searching and capturing predators. Predators that strictly 
utilize an ambush strategy for prey capture are unlikely to be affected by cover, and in fact
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they may benefit from increased cover if their prey is faster than they are and can easily 
detect them without cover.
Habitats with increasing amounts of Cw may also benefit predators more than prey if 
the predators rely upon ambush strategies to catch prey. Cw/Pw is more likely to be 
applicable for more sedentary prey species that must rely upon hiding behind individual 
structures to escape predation, and this index is less likely to be important for more mobile 
species that can actively escape predation.
Both Sp/Pr and Sp/Py are less likely to be applicable to predators that do not actively 
search for and pursue prey. These indices are also less applicable to habitats with flexible 
structures that prey can easily bend aside, although flexible structures may still slow or 
entangle predators.
If we assume that prey will actively seek out patches of high refuge value within a 
heterogeneous environment, then prey survivorship should increase with increasing habitat 
heterogeneity for all of these proposed indices. However, in some cases a habitat that has 
uniformly low Sp/Pr, such that the predator cannot maneuver through any of the spaces, may 
have higher prey survivorship than a habitat with greater Sp/Pr heterogeneity, such that the 
predator can move through at least some of the spaces.
These indices may be useful for managers interested in manipulating natural 
structures to benefit a target predator or prey species, or for constructing artificial structures 
for the same purpose. For example, these indices, particularly Sp/Py, may be useful to 
managers interested in designing artificial structures for coral reef fish. Large sums of money 
have been spent constructing and deploying artificial reefs to increase local fisheries 
production, but the results have typically been unsatisfactory (reviewed in Seaman and
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Sprague, 1991). This is because most artificial reefs merely attract adult fish from 
surrounding areas, rather than “producing” fish through increased growth and protection 
from predation (Bohnsack, 1989, Bohnsack et al„ 1994, Grossman et al„ 1997, Carr and 
Hixon. 1997). In his review of the artificial reef literature, Bohnsack (1989) found only one 
study, conducted on octopus in Japan, that has unequivocally demonstrated that artificial 
structures have increased the regional catch for a fishery (Polovina and Sakai, 1989).
Artificial reefs that provide settlement habitat for planktonic individuals that would otherwise 
not settle (and would be lost to the region) would certainly increase regional production, even 
if individual survivorship on these structures was poor. Artificial reefs that provided better 
refuges from predation than natural reefs and thus increased relative survivorship would 
more effectively increase regional fish production (Bohnsack, 1989, Carr and Hixon, 1997).
Reef fish are the most at risk from predation soon after they settle from the plankton, 
as evidenced by the extreme type-III survivorship curves for most reef fish species (Hixon, 
1991. Hixon and Beets, 1993, Dahlgren, 1998). Small-scale, inexpensive artificial reefs that 
are “ideally complex” (as determined by Sp/Py) for these early juvenile fish may actually 
produce adult fish by increasing juvenile survivorship. The usefulness of these reefs would 
increase if they were deployed far from natural reefs, as they would be more likely to 
intercept planktonic larvae that would otherwise be lost to the region (Carr and Hixon, 1997). 
Predation pressure on juvenile fish also generally decreases with increasing distances form 
natural reefs (Shulman, 1985). Hemnkind et al. (1997) have had success with this type of 
structure for promoting juvenile Caribbean Spiny Lobster Panuliris argus settlement and 
survivorship.
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Unfortunately, most artificial reefs deployed to date are large, with wide openings 
that are ideal for adult piscivorous fish, and are not nearly complex enough to provide 
juvenile fish with refuges from predation. M y indices could be used to make artificial reefs 
with size appropriate inter-structural spaces (“ideal” Sp/Py) constructed with structures that 
individually provided adequate size-specific cover (Cw/Pw) and together provided high 
cover within the reef (Ct/At) for the target fish. I propose that reefs constructed with these 
indices would actually produce adult fish through increased juvenile survivorship, rather than 
merely attracting fish.
These artificial reefs should be smaller in scale than most artificial reefs deployed 
today because several small structures are more likely to intercept planktonic fish larvae than 
a single large structure of equivalent area, due to increased perimeter to area ratios (McNeill 
and Fairweather 1993, Eggleston et al. 1998). Several researchers have found increased 
faunal densities in several small habitats compared with a single large habitat (Abele and 
Patton 1976, Schroeder 1987, McNeill and Fairweather 1993, Eggleston et al. 1998). Small 
structures would also be less likely to attract large fish from surrounding areas, thus 
concentrating them for easier exploitation by fishermen (Bohnsack 1989), and they would be 
much less expensive to construct and deploy than the larger structures currently used today 
(Bell et al. 1989).
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